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Abstract 
DNA polymerase III (Pol III) holoenzyme is the principal replicative 
polymerase in Escherichia coli and is composed of a core of three subunits, a, £, and 8, 
plus seven other accessory subunits that together contribute to its astonishing efficiency, 
processivity, and fidelity. Epsilon ( £, 242 residues), the product of dnaQ gene, is the 
3'-5' exonuclease subunit that serves as the proofreader, thereby contributing to the 
high fidelity of DNA synthesis. It is composed of two domains: an N-terminal domain 
( £ 186) that bears the exonuclease active site and binds to 8, and a smaller C-terminal 
domain that interacts with the polymerase subunit a. 
Overexpression of£ 186 at 30 °C led to its accumulation in soluble form, and 
procedures are reported both for the purification of£ 186 in high yield, and for isolation 
of the £ 186·8 complex on a preparative scale. The crystal structure of the £ 186 
complexed with Mn(II) and TMP at 1. 7 A resolution is reported here. This is the first 
structure of a proofreading domain of a replicative polymerase in the Pol C family, and 
the first of an editing domain in the DnaQ-H subfamily. The overall structure and the 
active site show strong similarities with the corresponding domains in DNA 
polymerase I and other polymerases in the Pol A and Pol B families, which is indicative 
of general conservation of mechanism throughout evolution. Nevertheless, there are 
unique features that may contribute to £ being considerably more active than Pol I. In 
particular, the general base at the active site is a histidine rather than tyrosine side chain. 
A satisfactory model for DNA interaction with £ 186 was produced simply by 
aligning the positions of the conserved carboxy late residues in the active site of £ 186 
with those of corresponding residues in the structure of the ternary complex of the 
Klenow fragment of Pol I in the editing mode. This alignment placed the DNA in the 
active site of£ 186 in appropriate orientation without further manipulation. As in Pol I, 
it is apparent that three base pairs at the end of a paired primer terminus would need to 
melt to give the terminal nucleotide access to the active site. 
IX 
Structures of the £l86-Mn(II)2-TMP complex determined at pH values of 5.8 
and 8.5 showed differences in the way water molecules and TMP are coordinated to the 
binuclear metal centre. The high-pH structure appears to mimic the enzyme-substrate 
complex, while the low-pH structure seems to provide a good model for the structure of 
the first formed enzyme-product complex. On this basis, an hypothesis is advanced for 
the chemical mechanism of£ that is consistent with all current knowledge. 
Proteins£,£ 186 and the £186·8 complex catalysed the hydrolysis of the 5' p-
nitrophenyl ester of TMP (pNP-TMP) with similar values of kcat and KM, confirming 
that the N-terminal domain of£ bears the exonuclease active site, and showing that 
association with 8 has little direct effect on the chemistry occurring at the active site of 
£. For £ 186, kcat = 293 min- 1 and KM= 1.08 mM at pH 8.00 and 25 °C, with [Mn2+] at 
1 mM. On the other hand, formation of the complex with 8 stabilised £ 186 by ~ 14 ° C 
against thermal inactivation. Dependencies on [Mn2+] and [Mg2+] were examined, 
giving for Mn(II): KMn = 0.31 mM, kcat = 334 min- 1; and for Mg(II): KMg = 6.9 mM and 
kcat = 19.9 min- 1• Inhibition by TMP was formally competitive, Ki= 4.3 µM (with Mn2+ 
at 1 mM). The pH dependence of pNP-TMP hydrolysis by £ 186, in the pH range 
6.5-9.0, was found to be simple. KM was essentially invariant between pH 6.5 and 8.5, 
while kcat depended on titration of a single group with pKa = 7. 7, approaching limiting 
values of 50 min- 1 at pH< 6.5 and 400 min-1 at pH> 9.0. 
These data are used in conjunction with the crystal structures of El 86-Mn(II)2-
TMP complex at pH values of 5.8 and 8.5 to propose a mechanism of pNP-TMP 
hydrolysis by £. This mechanism involves His 162 acting as a general base, generating a 
hydroxide ion coordinated to one of the Mn(II) ions, which then acts as a nucleophile to 
attack the substrate coordinated via two of its 5' phosphate oxygen atoms to the 
binuclear metal centre. It is proposed that at low pH where His 162 is protonated, an 
alternate mechanism operates, that might be more similar to the mechanism of acid 
phosphatases. This low-pH mechanism is unlikely to operate on DNA substrates. 
A specific interaction occurs between the carboxy late group of Glu61 and the 
proton at the N3 position of TMP, suggesting potential differences in binding of various 
dNMPs. The structure also anticipated a potential steric clash with Phe 102 upon 
X 
substitution of the terminal dNMP with a ribonucleotide. The effect of the different 
dNMPs onpNP-TMP hydrolysis by c:186 showed that dAMP, TMP, and dGMP bind 
six times more avidly to the active site than does dCMP and 50 times more than UMP. 
The structure of the active site in the presence of various dNMPs clearly shows that the 
lack of specificity in binding the different dNMPs is a result of the mobility of Glu6 l, 
which interacts differently with each of the four bases. 
Two preliminary structures of nucleotide-free forms in which Mn(II) ions are bound at 
the active site are reported. These structures, along ·with those of £ 186-Mn(Il)2-TMP 
complexes at low and high pH, show that the active site of £ has significant flexibility to 
adjust to the coordination geometry preferred by the metal ion at various pH values. 
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Chapter 1 
Structures and Functions of 
DNA Polymerases 
Chapter 1 
This Thesis is concerned with structural and functional studies on the 
proofreading exonuclease domain of DNA polymerase III (Pol III) holoenzyme. Pol III 
holoenzyme is the major Escherichia coli replicative polymerase. It is a complex 
enzyme composed of ten distinct subunits that form a variety of isolable subassemblies. 
Over the past several years, there have been enormous advances made in 
structure determination, not just of Pol III holoenzyme subunits and subassemblies, but 
also of a variety of DNA polymerases from other sources. These structures, along with 
an extensive biochemical literature, have given new insights into the way these enzymes 
function. I intend in this introductory Chapter to highlight some of this new structural 
information, and to relate it to function. I do not intend to provide a comprehensive 
review of the background literature on Pol III holoenzyme. For this, the reader is 
referred to Kelman and O'Donnell (1995), Herendeen and Kelly (1996), Benkovic et al. 
(2001), Ellison and Stillman (2001), and O'Donnell et al. (2001). 
1.1 Escherichia coli DNA replication 
Replication of the entire 4.4-Mbp chromosome of E. coli is accomplished in 
3 0-40 minutes and requires concerted interactions between many proteins in a complex 
that has been called the replisome. In general, the replisome may be separated into four 
main structural components: (I) DNA polymerases that replicate parental strands in the 
5 '-3' direction and have associated 3 '-5' exonuclease proofreading activities that 
hydrolyse nucleotides misinserted by the DNA polymerase; (2) accessory proteins 
involved in loading and tethering the polymerase onto the template DNA; (3) helicases 
that melt the duplex DNA; and ( 4) a primase that synthesises RN A primers for 
extension by the polymerase. Interestingly, proteins that have analogous functions are 
present in all replication systems, including some bacteriophages (e.g., T4), eubacterial, 
yeast and human cells (Table 1.1 ). 
Replication of the E. coli chromosome involves three steps. The first is the 
initiation of DNA replication in which dsDNA at the unique chromosomal origin of 
2 
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Function 
E. coli/phage A phage T4 SV40/human yeast 
Helicase 
DnaB gp41 T antigen MCM proteins? 
(SV 40 specific) 
Primase 
DnaG primase gp61 primase subunit primase subunit 
of Pol a-primase of Pol a-primase 
Polymerase 
a subunit of Pol III gp43 Pol b Pol b and Pol £ 
holoenzyme both involved 
Proofreading exonuclease 
£ subunit of Part of gp43 Part of Pol b Part of Pol band 
Pol III polymerase Pol£ 
Sliding clamp 
~ subunit gp45 PCNA PCNA 
Clamp loader 
y complex gp44/62 RF-C RF-C 
Single-stranded DNA-binding protein 
SSB gp32 RF-A RP-A 
Table 1.1: Proteins from different species that perform analogous functions at 
replication forks. This Table is reproduced from Baker and Bell (1998). 
replication (oriC) is separated to generate the structural scaffold required for the 
assembly of the replisomal proteins. This step involves the interaction of the initiator 
protein DnaA with oriC (Kornberg, 1988). DnaA binds specifically to a 9-bp sequence, 
called a DnaA box, which is present four times within the 245-bp oriC sequence 
(Figure 1.1 ). Along with protein HU or integration host factor (IHF), DnaA in an ATP-
dependent reaction causes local unwinding of an A/T-rich region ( consisting of three 
13-mer repeats) at the "left" border of oriC (Figure 1.1; Kornberg, 1988; Messer et al. , 
1991; Hwang and Kornberg, 1992a; Hwang and Kornberg, 1992b). The single-stranded 
structure of the 13-mer DNA repeat, rather than its sequence, is likely recognized by the 
helicase DnaB (Bramhill and Kornberg, 1988). DnaB is delivered to the DnaA-oriC 
3 
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complex by DnaC, which is released from the DnaB-DnaC complex upon loading in an 
ATP-dependent reaction (Wahle et al., 1989). Melting of the DNA duplex proceeds 
bidirectionally from the oriC complex as the DnaB helicase migrates from the DnaA-
oriC complex to provide a single-stranded template for the priming and replication 
enzymes (Kornberg and Baker, 1991). The single-stranded DNA-binding protein (SSB) 
coats the ssDNA and prevents strand reannealing (Chase et al. , 1986), and DNA gyrase 
reduces the torsional strain in the DNA by breaking and reforming pairs of 
phosphodiester bonds as the DNA passes through an interior channel of the enzyme 
(Figure 1.2). 
13 mers 
Supercoiled 
template 
Initial 
complex 
Priming 
and 
Replication 
38° 
DnaB 
DnaC 
ATP 
0> <t)/w· 
Prepriming 
complex 
Figure 1.1: Steps in the initiation of DNA replication at the origin of replication oriC. 
This Figure is reproduced from Kornberg and Baker (1991). 
The second step in DNA replication is elongation and attendant movement of 
the replication forks. In E. coli, this step is carried out by DNA polymerase III (Pol III) 
holoenzyme, the major replicative polymerase. Like all replicative DNA polymerases, 
Pol III requires annealed RNA or DNA primer chains that have a 3 '-OH paired 
terminus, which it progressively extends. At the replication fork (Figure 1.2; see also 
Figure 7. 7 d), DnaB and primase team up to form a primosome which synthesises 
4 
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primers (Kornberg and Baker, 1991 ). At each fork, due to the antiparallel nature of the 
DNA duplex, the DNA is replicated continuously on one strand (the leading strand), 
and discontinuously on the other (the lagging strand). Two modes of priming are thus 
required. On the leading strand, only a single priming event is required at oriC, after 
which this strand is elongated continuously by Pol III. 
5' 
leading 
strand 
5' 
pnmer 
lagging 
3' strand 
DNA polymerase Ill 
holoenzyme dimer 
DNA polymerase I 
~ + DNA ligase 
PriAB 
-~lllllllj!i!ii!Jillii _ _, ...... 1!1(-___ 5' 
i~J.t...~. ---~---~~:-----3' 
DnaB helicase 
SSB pnmase 
Figure 1.2: Model of the E. coli replisome. See Figure 7.7 for details of the interaction 
between Pol III, the ~ subunit and the y complex in the holoenzyme. 
On the lagging strand, primers must be repeatedly synthesised by DNA primase 
following helicase action and are extended into short DNA chains (Okazaki fragments) 
by Pol III. In order to allow the Pol III holoenzyme to synthesise both the leading and 
lagging strands while moving in one direction, one of the two strands must loop back on 
itself (Figure 1.2). The final stage of lagging strand replication involves DNA 
polymerase I (and perhaps ribonuclease H) in removing the (RNA) primers and filling 
the gaps to enable the short Okazaki fragments to be joined by DNA ligase (Herendeen 
and Kelly, 1996). 
5 
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The last step in DNA replication is the termination of DNA synthesis. This step 
takes place when the two forks converge on the side of the circular chromosome 
opposite from oriC and are halted by the Tus protein bound to a segment of DNA in the 
region called the terminus (Hill and Marians, 1990; Gottlieb et al. , 1992). 
1.2 DNA polymerase III holoenzyme 
Pol III holoenzyme belongs to a family of enzymes called the polynucleotide 
polymerases. The DNA-dependent DNA polymerases in this family play an important 
role in the process of copying the genome (Joyce and Steitz, 1995). Our interest in 
particular is the subfamily of replicative DNA polymerases, since Pol III holoenzyme is 
part of it. 
Since its discovery nearly 30 years ago, Pol III holoenzyme has been extensively 
studied as a model replication machine. It functions in cooperation with other 
replication proteins to carry out the duplication of the entire bacterial chromosome with 
astonishing fidelity, processivity and efficiency (Herendeen and Kelly, 1996; see 
definitions in Section 1.2.1 ). Over the past decades, work in several laboratories has 
resulted in the identification of the genes encoding all ten different subunits of the 
holoenzyme and subsequent high level expression of the corresponding gene products. 
This accomplishment made possible elegant biochemical studies that have brought 
understanding of the structure and function of Pol III holoenzyme to a highly detailed 
level (Kelman and O'Donnell, 1995; Herendeen and Kelly, 1996; Baker and Bell, 1998; 
Ellison and Stillman, 2001; O'Donnell et al., 2001). Table 1.2 lists the ten different 
subunits, their functions and the composition of various isolable subassemblies of the 
holoenzyme. 
The polymerase holoenzyme contains several distinct functional components. 
The isolable core polymerase (a·£·8) contains the 5'-3' DNA polymerase (a) activity 
(dnaE gene product), the 3'-5' proofreading exonuclease (£) activity (dnaQ gene 
product), as well as the small 8 subunit (ho!E gene product). The latter is an accessory 
unit that binds to£ and its function is still debated (Kelman and O'Donnell, 1995). The 
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proofreading £ subunit is composed of two domains separated by a Q-linker region: an 
N-terminal domain (codons 2-186; known as £186) that bears the exonuclease active 
site and binds to 0 (Perrino et al., 1999; Hamdan et al., 2000) and a small C-terminal 
domain that binds to a (Yang, 1998; Perrino et al., 1999; Taft-Benz and Schaaper, 
1999). Among the core proteins, the structures of 0 (Keniry et al., 2000) and the N-
terminal exonuclease domain of £ (Hamdan et al., 2002a, this Thesis) have been 
determined. 
Subunit Mass Function Subassemblies 
(Gene) (kDa) 
a (dnaE) 129.9 5'-3' DNA polymerase 
£ (dnaQ) 27.5 3 '-5' exonuclease core 
0 (holE) 8.6 stimulates £ exonuclease ?? Pol III' 
-c (dnaX') 71.1 dimerizes core 
binds y complex PolIIi* 
stimulates helicase (binds DnaB) 
y (dnaX') 47.5 ATP-requiring clamp loader 
6 (holA) 38.7 binds to f3 
6' (holB) 36.9 stimulates A TPase of y y complex 
X (holC) 16.6 binds to SSB 
1!J (holD) 15.2 with X, increases affinity for y 
f3 (dnaN) 40.6 sliding clamp 
Table 1.2: The component subunits of the DNA polymerase III holoenzyme of E. coli 
and their genes, molecular weights and functions (Kelman and O'Donnell, 1995; 
Benkovic et al., 2001 ). 
The second stable subassembly of Pol III involves -c, derived from the dnaX 
gene, which bridges two a subunits to form a dimeric core (a·£·8)2·-c2 complex called 
Pol III' (Studwell-Vaughan and O'Donnell, 1991). It should be noted that the dnaX 
gene directs expression of both -c and y ( a subunit in the clamp loading complex, see 
below), except that the latter is a truncated form that lacks the carboxy-terminal 
sequence as a result of programmed ribosomal frameshifting during translation of dnaX 
mRNA (Htibscher and Kornberg, 1980; Tsuchihashi and Kornberg, 1990). The extra 
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carboxy-terminal sequence of the 't subunit plays a unique structural and functional role 
in the mechanism of Pol III, as will be discussed in Chapter 7. 
A third component of Pol III is the sliding clamp (B), which confers processivity 
by tethering the holoenzyme to the template DNA. The tertiary structure of B shows that 
it is composed of two monomers arranged head-to-tail in a toroidal dimer with a central 
cavity of diameter ,....,35 A, large enough to accommodate duplex dsDNA, and a height 
equivalent to approximately one tum of dsDNA (Kong et al., 1992). Each monomer 
contains three domains with identical chain topology (Figure 1.3). 
Figure 1.3: Structure of E. coli B subunit of Pol III. (a) Ribbons schematic diagram of 
the B subunit viewed looking down the 2-fold axis. One monomer is coloured in yellow, 
the other in red. DNA is modelled hypothetically in the centre of the B subunit ring. (b) 
Space-filling model of the B subunit dimer encircling B-form DNA.Bis coloured as in 
(a) and the duplex DNA is coloured with white and green strands. This Figure is 
presented from Kong et al. (1992). 
The fourth subassembly of Pol III is the clamp loader or y complex of six 
proteins (y2·61 ·6' 1 ·x1 ·'¢1) which assembles B (and presumably disassembles it as well) 
onto the dsDNA in an ATP-dependent reaction (Kelman and O 'Donnell, 1995; 
Hingorani and O'Donnell, 1998; Bertram et al., 2000; Jeruzalmi et al., 2001a). In they 
complex, proteins 6' and '¢ bind directly to y whereas 6 and x bind to 6' and '¢, 
respectively (Figure 1.4; Onrust and O'Donnell, 1993; Glover and McHenry, 2000). 
Neither x nor '¢ is an essential element in the function of the y complex as a clamp 
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loader (Onrust and O'Donnell, 1993). However, xis involved in binding to SSB which 
may enhance clamp loading and the processivity of synthesis by the holoenzyme, 
presumably by helping to localise the holoenzyme to sites of SSB-coated ssDNA 
(Glover and McHenry, 1998; Kelman et al., 1998). The '4J subunit acts as a bridge 
between they and x components in they complex (Figure 1.4; Xiao et al., 1993). 
Our current understanding of Pol III is based on biochemical and structural 
studies (Kelman and O'Donnell, 1995; Baker and Bell, 1998; Ellison and Stillman, 
2001; 0' Donnell et al., 2001) and suggests that the overall composition of the 
replication machine, called Pol IIi*, includes 13 polypeptides in the ratio: 
a2:E2:82:-r2:y1·61:6'1:x1:'4J1 (Figure 1.4). This composition is consistent with Pol IIi* 
containing a Pol III' assembly ( a2E282-r2) bound to one y complex (y16161 'x1'4J1) via the 
linker subunit 't (Studwell-Vaughan and O'Donnell, 1991). 
Core 
Pol°III' 
Pol°III* 
y complex 
Figure 1.4: A model of the Pol IIi* subassembly of the DNA Pol III holoenzyme. This 
Figure is adapted from Herendeen and Kelly (1996). 
1.2.1 Fidelity, processivity and efficiency of the holoenzyme. In DNA 
replication, the concept of fidelity concerns the ability to replicate DNA without making 
errors, i.e. without incorporation of incorrect nucleotides. Processivity and efficiency 
are related to each other, where processivity defines the property of a DNA polymerase 
to replicate DNA without dissociation from the template strand, while efficiency is 
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simply the rate of nucleotide incorporation ( or the turnover number) in the DNA 
polymerase reaction. Obviously, high processivity is one means to ensure high 
efficiency, although the latter property may also derive from more efficient active site 
chemistry. 
Ensuring the fidelity of DNA replication is of vital importance to dividing cells. 
The polymerase active site uses an induced fit mechanism to ensure the insertion of the 
correct base pair ( see Section 1.3 .2). The polymerase a subunit contributes about 10-5 
errors per base pair per round of replication to the overall fidelity of replication 
(Schaaper, 1993; Mo and Schaaper, 1996). The associated proofreading E subunit 
increases the fidelity of the polymerase to about 10-7 through the removal of mis-
incorporated mismatched nucleotides using its 3 '-5' exonuclease activity (Fijalkowska 
and Schaaper, 1996). 
The core polymerase by itself is a poorly-processive and inefficient enzyme that 
extends a primer by only 10-20 nucleotides before dissociating from the template (Fay 
et al., 1981). Upon tethering the core to the template DNA by the B clamp, the enzyme 
develops high processivity and extends DNA by at least several thousands of 
nucleotides per binding event (Maki and Kornberg, 1988; Studwell and O'Donnell, 
1990). The association with the B clamp also increases the turnover number ( or 
efficiency) of the polymerase to at least 500 nucleotides incorporated per second (Maki 
and Kornberg, 1988; Studwell and O'Donnell, 1990). 
In the last 10 years, structures of B (Kong et al., 1992), 6' (Guenther et al., 
1997), the B6 complex (Jeruzalmi et al., 2001b) and they complex (y366'; Jeruzalmi 
eta!., 2001a) have been reported. These structures are described further in Chapter 7. At 
the commencement of this work, structures of none of the core subunits was known. An 
NMR structure of 8 has now appeared (Keniry et al., 2000) and the structure and 
mechanism of the E proofreading exonuclease is the subject of this Thesis. The structure 
of the polymerase a subunit is still unknown. On the other hand, there is a considerable 
information on the structure and mechanism of other DNA polymerases, and it is useful 
at this stage to review some of that work. 
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1.3 Structure and mechanism of other DNA-dependent DNA 
polymerases 
1.3.1 General structure and mechanism. The DNA-dependent DNA 
polymerase family of enzymes can be further divided into replicative and nonreplicative 
DNA polymerases. The replicative DNA polymerases have been classified into three 
sub-families on the basis of sequence and presumed structural similarities to three of the 
distinct DNA polymerases of E. coli, Pol I (family A)~ Pol II (family B or Pol a) and 
Pol III (family C; Brautigam and Steitz, 1998a; Steitz, 1999; Patel et al., 2001 ). 
Members of the Pol A family include the Klenow fragment of E. coli Pol I (KF), 
Bacillus stearothermophilus DNA Pol I, Thermus aquaticus DNA polymerase 
(Taq Pol), and phage T7 DNA polymerase (T7 Pol; Brautigam and Steitz, 1998a; Patel 
et al., 2001 ). Members of the Pol B family include E. coli Pol II, the DNA polymerases 
of bacteriophages T4 and RB69 (T4 Pol and RB69 Pol, respectively) and the eukaryotic 
replicative polymerases a, E and 6 (Brautigam and Steitz, 1998a; Steitz, 1999; Patel et 
al., 2001 ). There have been several structures solved of replicative DNA polymerases 
from families A and B (Table 1.3). However, there is no structure yet solved of a 
polymerase from the Pol C family. All replicative polymerases have at least two 
activities: 5'-3' polymerase and 3'-5' proofreading exonuclease and these activities are 
expressed at two spatially-separated active sites. 
Recently, two new families of nonreplicative DNA polymerases have also been 
defined. They include the UmuC/DinB (Y) family that is involved in lesion bypass in 
DNA repair (Johnson et al., 1999; Ohmori et al., 2001), and family X, which represents 
some other nonreplicative DNA polymerases including the human base excision repair 
enzyme Pol B (Pelletier et al., 1996) and the African swine fever virus DNA polymerase 
(Showalter et al., 2001). Discovery of the Y-family was an outcome of studying the 
phenomenon that damaged DNA stalls a replicative DNA polymerase if the damaged 
site is not repaired by the DNA repair machinery (Cox et al., 2000). Depending on the 
type of DNA damage, members of this family are hypothesised to replace the 
11 
Chapter 1 
replicative DNA polymerases and synthesise DNA past the damaged site, often in an 
error-prone fashion (Johnson et al., 1999). 
The crystal structure of KF was the first determined DNA polymerase structure 
(Ollis et al., 1985). It revealed a hand-like feature including the fingers, palm and thumb 
subdomains that define a DNA binding groove (Figure 1.5; Ollis et al., 1985). Despite 
the low sequence identity among DNA polymerases from different families, their 
Enzyme 
Pol A 
KF 
E. coli 
T7 Pol 
Bacteriophage T7 
Bst Pol I 
Bacillus stearothermophilus 
Taq Pol 
Thermus aquaticus 
PolB 
T4 Pol 
Bacteriophage T4 
Reference PDB 
(Beese et al., 1993a) lKFD 
(Beese et al., 1993 b) lKLN 
(Doublie et al., 1998) 1 T7P 
(Kief er et al., 1997) 
(Kiefer et al., 1998) 
(Kim et al., 1995) 
(Li et al., 1998) 
(Li et al., 1998) 
(Wang et al., 1996) 
(Wang et al. , 1996) 
lXWL 
4BDP 
lTAQ 
3KTQ 
5KTQ 
lNOZ 
lNOY 
RB69 Pol (Franklin et al., 2001) 1 IH7 
Bacteriophage RB69 (Franklin et al., 2001) 1 I G9 
(Shamoo and Steitz, 1999) 1 CLQ 
Tgo Type B (Hopfner et al., 1999) 1 TGO 
Thermococcus gorgonirius 
Archaeon Type B (Rodriguez et al., 2000) 1 QHT 
Thermococcus sp. 9°N-7 
Archaeon D.Tok (Zhao et al., 1999) lQQC 
Archaeon Kod 1 (Hashimoto et al., 2001) 1 GCX 
Pyrococcus kodakaraensis 
Complex 
dCTP 
Primer/template at exo site 
Primer/template and ddGTP 
Apoenzyme 
Primer/template at pol site 
Apoenzyme 
Primer/template and ddCTP 
Primer/template at pol site 
Apoenzyme 
Three dNMPs 
Apoenzyme 
Primer/template and TTP 
Primer/template at exo site 
Apoenzyme 
Apoenzyme 
Apoenzyme 
Apoenzyme 
Table 1.3: Known structures of replicative DNA polymerases and their mechanistically 
important complexes. pol, polymerase (site); exo, exonuclease (site). 
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Exonuclease 
Active Site 
Figure 1.5: Tertiary structure of KF showing the hand-like feature. Cylinders represent 
regions of a-helix and arrows represent ~-strand. This Figure is adapted from Ollis et 
al. (1985). 
structures generally reveal this feature (Figures 1.5 cf l .6; Brautigam and Steitz, 1998a; 
Steitz, 1999; Patel et al., 2001 ). The palm subdomain, which contains the polymerase 
active site, is the most conserved part, while much less conservation is seen in the 
fingers and the thumb subdomains (Brautigam and Steitz, 1998a; Steitz, 1999; Patel et 
al., 2001). In nonreplicative DNA polymerases, the thumb and the fingers subdomains 
not only have different topologies, but they are significantly smaller (Pelletier et al., 
1996; Ling et al., 2001; Silvian et al., 2001; Trincao et al., 2001; Zhou et al., 2001 ). 
Despite the different architectures of the thumb and fingers subdomains in the different 
enzymes, they are proposed to perform similar functions, in which the thumb binds to 
the primer-template DNA and the fingers subdomain binds to the dNTP substrate 
(Figure 1.6; Brautigam and Steitz, 1998a; Steitz, 1999; Patel et al., 2001 ). 
DNA polymerases are metal ion-dependent enzymes that catalyse nucleophilic 
attack on a bound dNTP by the 3 '-OH of a DNA primer, resulting in the sequential 
incorporation of dNMP residues (Kornberg and Baker, 1991). Two metal ions in the 
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active site that are bound by conserved acidic residues catalyse this phosphoryl 
transferase reaction. One metal ion activates the nucleophilic 3 '-OH of the DNA primer 
while the other stabilises the negative charge generated on the pyrophosphate leaving 
group (Steitz et al., 1994 ). This mechanism has been proposed, based partly on the 
phosphodiester bond cleavage mechanism at the related 3 '-5' exonuclease site of Pol I 
(Beese and Steitz, 1991). 
Exonuclease 
Domain 
N-terminal · 
domain 
Symmetry-related 
DNA molecule 
Fingers 
~ Exonuclease Active Site 
·r 
Polymerase 
Active Site 
Palm 
-.... _ (~ 
...,I 
C-Terminus 
Figure 1.6: Ribbons schematic diagram of the RB69 Pol-DNA-dTTP ternary complex 
(PDB code 1IG9). The primer DNA is shown in gold while the template DNA is in 
grey. The two Ca2+ ions bound at the polymerase active site are shown as green spheres. 
The first two bases of the template strand show the path of the single-stranded template 
as it enters the polymerase active site; a probable extension of this path is shown as a 
grey dotted line. The Figure is reproduced after Franklin et al. (2001 ). 
Replicative DNA polymerases do not just extend DNA, they proofread it as 
well. They maintain the correct Watson and Crick base pairing geometry and if they 
accidentally insert a wrong nucleotide, they shuttle the primer-template DNA by about 
30 A to the associated 3 '-5' exonuclease active site to edit it (Figures 1.5 and 1.6; 
Brautigam and Steitz, 1998a; Steitz, 1999; Patel et al., 2001 ). A structural model for 
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DNA interaction and the partitioning mechanism between the polymerase and the 
exonuclease active sites are discussed below in Sections 1.3 .2 and 1.3 .3. 
The 3 '-5' exonuclease domain is another point of difference among replicative 
DNA polymerases. In the known DNA polymerase structures from the Pol A and Pol B 
families of replicative enzymes, there is almost always an associated 3 '-5' exonuclease 
domain. Exceptions are some members of the Pol A family, such as Bst Pol I (Kiefer et 
al., 1997) and Taq Pol (Kim et al., 1995). However, the orientation of the exonuclease 
domain relative to the polymerase active site differs between members of the Pol A and 
Pol B families. It resides on one side of the palm subdomain in members of the Pol A 
family (Figure 1.5), but on the opposite side in Pol B (Figure 1.6; Brautigam and Steitz, 
1998a; Steitz, 1999; Patel et al., 2001). Nevertheless, a similar mechanism is proposed 
for partitioning of the primer-template between the polymerase and the exonuclease 
active sites (Section 1.3.3). 
Unlike Pol A and Pol B family members, the exonuclease domain of enzymes 
from the Pol C family is often not part of the same polypeptide chain. This is true, at 
least, in enzymes from Gram-negative eubacteria, where the editing site is on a separate 
(£) subunit (Scheuermann and Echols, 1984; Delarue et al., 1990; Bruck and O'Donnell, 
2000). The nonreplicative DNA polymerases of family X and the Y-family lack the 
exonuclease domain altogether. In the case of the Y-family, this is important for its 
function in lesion bypass. 
1.3.2 Structural model for interaction of DNA with the DNA polymerases. 
The replicative DNA polymerases catalyse reactions that require high efficiency, 
processivity and fidelity. These reactions involve binding to the primer-template DNA, 
binding to dNTPs, incorporation of the correct nucleotide via a polymerisation chain 
reaction, and editing of mistakes by carrying out a hydrolytic phosphodiesterase 
reaction (Kornberg and Baker, 1991). To coordinate these various functions, DNA 
polymerases have had to develop rapid and cooperative mechanisms to transit between 
the different steps in catalysis. Structures of polymerases determined in recent years 
range from apoenzymes, binary complexes with DNA primer-template at the 
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polymerase or exonuclease active sites, and ternary complexes with DNA primer-
template and dNTPs or ddNTPs at the polymerase active site (Table 1.3). Kinetic 
studies, along with structural information on the enzymes at different stages of catalysis, 
have given a new level of understanding that has led to satisfactory mechanistic models. 
These models are based on conformational changes of the DNA polymerase 
between open and closed conformations during different catalytic steps (Li et al., 1998; 
Doublie et al., 1999; Franklin et al., 2001; Patel et al., 2001; Zhou et al., 2001 ). In the 
structures of the apoenzymes and the binary complexes with DNA in the polymerase 
active site, the enzymes adopt an open conformation, in which the O-helix of the fingers 
subdomain points away from the polymerase active site (Figure 1.7a; Li et al., 1998; 
Doublie et al., 1999; Franklin et al., 2001; Patel et al., 2001; Zhou et al., 2001 ). In the 
ternary complexes with DNA and dNTPs (or ddNTPs), the O-helix of the fingers 
subdomain binds to the dNTP ( or ddNTP) and rotates toward the polymerase active site 
to adopt a closed conformation (Figure 1. 7b; Li et al., 1998; Doublie et al., 1999; 
(a) (b) 
"' . 
Template 
Thumb Fingers 
--._ ,. ;· J Template 
Thumb 
Open Closed 
Figure 1.7: The open and closed conformations detected in the Taq Pol-DNA-ddCTP 
ternary complex. The primer is shown in yellow, the template strand in green, the 
flipped-out base is in purple, and the incoming ddCTP in magenta. (a) Open 
conformation of Taq Pol. The O-helix of the fingers subdomain ( dark green) points 
away from the active site (2KTQ; Li et al., 1998). The open conformation seen in (a) is 
similar to that of Taq Pol in the primer-template binary complex (5KTQ; Li et al., 1998) 
and the apoenzyme (1 TAQ; Kim et al., 1995). (b) Closed conformation of Taq Pol. The 
O-helix of the fingers subdomain points towards the active site (3KTQ; Li et al., 1998). 
This Figure is reproduced after Patel et al. (2001 ). 
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Franklin et al., 2001; Patel et al., 2001; Zhou et al., 2001). In the binary and ternary 
complexes in the polymerisation mode, the primer-template DNA binds in a groove 
formed between the thumb and the palm subdomains, making contact with the enzyme 
over a full turn of the DNA helix (Figure 1.6; Li et al., 1998; Doublie et al., 1998; 
Shamoo and Steitz, 1999). Kinetic studies of Pol I (Kuchta et al., 1987) and T4 Pol 
(Frey et al., 1995) showed that this fingers subdomain movement is the rate-limiting 
step in catalysis. In the closed conformation, the thumb subdomain places the primer-
template DNA near the polymerase active site (see below for mechanistic details) and 
the movement of the fingers subdomain brings into play important residues involved in 
orienting the substrate in the active site. A network of interactions between residues in 
the fingers subdomain and the nascent base pair forces the correct Watson and Crick 
base pairing (Li et al., 1998; Doublie et al., 1999; Franklin et al., 2001; Patel et al., 
2001; Zhou et al., 2001 ). 
Incorporation of the correct nucleotide also eventually causes the O-helix of the 
fingers subdomain to open, to allow the DNA primer-template to slide into position for 
the next catalytic cycle and the active site to sample nucleotides again. Insertion of a 
wrong nucleotide disturbs the correct geometry of the minor groove of the newly 
synthesised DNA, which destabilises the DNA in the polymerase active site and 
presumably leads to reopening of the O-helix of the fingers subdomain (Li et al., 1998; 
Doublie et al., l 999; Franklin et al., 2001; Patel et al., 2001; Zhou et al., 2001 ). 
The recent structures of the nonreplicative DNA polymerases of the Y-family 
produced further evidence for this induced fit model for DNA fidelity. Structures of 
three proteins in this family show that the fingers subdomain is always in a closed 
conformation, regardless of whether or not the substrate is present (Ling et al., 2001; 
Silvian et al., 2001; Trincao et al., 2001; Zhou et al., 2001 ). This is consistent with their 
lack of a proofreading function. 
In order for editing by the exonuclease domain to take place, the primer 
terminus of the DNA has to travel across a cleft about 30 A wide (Figures 1.5 and 1.6). 
To fully understand the mechanism of this movement, structures of DNA polymerases 
in complexes with DNA primer-templates at both the exonuclease and polymerase 
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active sites are needed. The only replicative DNA polymerase whose structure has been 
determined under these conditions is that of RB69 Pol. In the editing mode, it adopts an 
open conformation (O-helix of the finger subdomain points away from the polymerase 
active site) in which the tip of the thumb is rotated away relative to the palm 
subdomain, while its base remains in nearly the same position as it is in the 
polymerisation mode (Figure 1.8a cf 1.8b; Shamoo and Steitz, 1999; Franklin et al., 
2001 ). The tip of the thumb remains bound to the DNA as it is guided towards the 
exonuclease active site. 
{a) 
Editing 
l 
Thumb 
tip 
! 
i 
base 
y. 
{b) 
Polymerisation 
Figure 1.8: The polymerising-to-editing mode transition in RB69 Pol. The primer is 
shown in yellow while the template is in grey. (a) DNA interaction with the thumb tip 
and base in the editing mode (1 CLQ; Shamoo and Steitz, 1999). The tip of the thumb 
remains bound to DNA and guides it to the exonuclease active site. (b) DNA interaction 
with the thumb tip and base in the polymerisation mode (1IG9; Franklin et al., 2001). 
The thumb base has barely moved and the tip of the thumb is rotated toward the palm 
subdomain, placing the DNA back at the polymerase active site. Figure is presented 
after Franklin et al. (2001). 
Structural comparison of a KF (Pol A family) binary complex with a DNA 
primer-template in the editing mode (Beese et al., 1993b) and a T7 Pol (Pol A family) 
ternary complex with DNA primer-template and ddNTPs in the polymerisation mode 
(Doublie et al., 1998), indicates that a similar mechanism to that of RB69 Pol (Pol B 
family) is utilised by members of the Pol A family. Interestingly, the thumb subdomain 
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from polymerases from the Pol A and Pol B families share similar structural features, in 
which the thumb tip and base are both linked by a flexible hinge region (Figure 1.8). As 
a result, the tip of the thumb has freedom to move relative to the palm subdomain with 
minimal movement of the thumb base. After the misincorporated nucleotide has been 
exonucleolytically removed, rotation of the thumb tip toward the palm subdomain 
would then place the primer-template back into the polymerase active site. 
1.3.3 Mechanism of partitioning between the polymerase and exonuclease 
active sites. As first discovered for KF, the polymerase and the 3'-5' proofreading 
exonuclease active sites of replicative DNA polymerases are also located in separate 
structural domains of the protein and are separated by about 30 A. This indicates, as 
described above, that there must be two binding modes for the primer-template DNA 
depending on whether the enzyme is carrying out the polymerisation or the hydrolysis 
( editing) reaction. 
The polymerase and the exonuclease active sites carry out two opposite 
reactions with comparable catalytic efficiency. In T7 Pol in complex with its 
processivity factor, thioredoxin, DNA prefers thermo-dynamically to bind to the 
polymerase active site, while kinetically, it binds 10 times more quickly to the 
exonuclease active site (Donlin et al., 1991 ). Both the polymerisation and hydrolysis 
reactions are at least 3000 times faster than the rate of DNA partitioning between the 
two active sites (Donlin et al., 1991). As a result, in order for the protein-DNA complex 
to switch from the polymerisation to the editing mode, the polymerase active site has to 
loosen its grip on the DNA primer-template. 
Crystal structures of a binary complex of KF in the editing mode show four 
nucleotides of a ssDN A substrate bound in the 3 '-5' exonuclease active site, with the 
DNA extending toward the polymerase active site (Beese et al., 1993b). A similar 
observation has been reported in the binary complex of RB69 Pol in the editing mode, 
where three nucleotides of ssDNA are bound in the exonuclease site (Shamoo and 
Steitz, 1999). 
Biochemical studies indicate that in T4 Pol, T7 Pol and KF, the 3 '-5' 
exonuclease active site hydrolyses ssDNA, while the polymerase active site elongates 
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correctly-paired duplex primer-template DNA (Donlin et al., 1991; Capson et al., 1992; 
Carver et al., 1994). Kinetic results, along with the available structures of binary 
complexes of DNA polymerases in the editing mode, suggest that for editing to occur at 
least three base pairs of the duplex DNA in the polymerase cleft must unwind and the 
primer strand must then be translocated to the proofreading exonuclease site. Therefore, 
the determinants of the DNA binding mode are related to the stability of dsDNA versus 
ssDNA. 
Three mechanisms have been proposed to account for selectivity in editing. The 
first proposes that recognition of a mismatched base pair stalls the polymerisation 
reaction, causing the translocation of the DNA terminus to the exonuclease active site 
(Donlin et al., 1991; Capson et al., 1992). In T7 Pol, the polymerase active site binds 
both matched and mismatched primer termini with similar affinity. The rate constant for 
polymerisation is 300 s-1 while that of partitioning of a matched nucleotide is 0.2 s-1, 
which will thus prevent the excision of a matched nucleotide. However, the rate 
constant for the polymerisation reaction decreases dramatically to 0.0125 s-1 upon 
insertion of a mismatched nucleotide (Donlin et al., 1991 ). Also, the rate constant for 
partitioning of DNA for a mismatched nucleotide versus a matched terminus increases 
,_,JO-fold to 2.3 s- 1 (Donlin et al., 1991). Noting that the rate of dissociation of a 
mismatched terminus is slower than its partitioning rate from the polymerase active site 
(0.4 s- 1 cf 2.3 s- 1), stalling at this site will therefore promote partitioning over the 
polymerisation reaction, causing the DNA to bind to the exonuclease active site. Kinetic 
studies with T4 Pol suggest a similar mechanism to that of T7 Pol (Capson et al., 1992). 
The second mechanism proposes that the melting capacity of a mismatched 3 ' -
OH terminus is increased, which in tum stabilises the ssDNA structure (Bessman and 
Reha-Krantz, 1977; Clayton et al., 1979; Goodman, 1997). This model is supported by 
the remarkable increase in the exonuclease activity of the £ proofreading subunit of 
Pol III on duplex DNA as the temperature is increased (Brenowitz et al., 1991; Miller 
and Perrino, 1996). This is also in agreement with the greater rates of exonuclease 
activity and partitioning into the exonuclease active site seen in Pol I and T4 Pol for an 
AT-rich terminus compared to a GC-rich one (Donlin et al., 1991). It was also shown 
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for T4 Pol and the E subunit of Pol III that the exonuclease activity was higher when the 
number of mispaired nucleotides at the terminus was increased (Donlin et al., 1991; 
Miller and Perrino, 1996). 
A third model proposes a mixture between the first and the second mechanisms. 
This is based on thermodynamic studies, which showed that in Pol I, the difference in 
melting energy of DNA with correct and mismatched blunt-end base pairs is about 
-0.2 kcal/mol, while the partitioning energy between correct and mismatched base pairs 
is -0.6 to -0.7 kcal/mol (Carver et al., 1994). Therefore, both weaker DNA binding at 
the polymerase active site and greater melting capacity at the primer terminus contribute 
to the partitioning of the mismatched primer into the proofreading exonuclease active 
site. 
However, for Pol I with oligonucleotides having overhanging rather than blunt 
ends, a good correlation was observed between the melting and partitioning energy of 
matched and mismatched termini (Morales and Kool, 2000). For Pol I, nucleotide 
analogues that mimic Watson and Crick base-pairing geometry but are unable to form 
H bonds are edited rapidly, suggesting again that the stability of DNA termini is a chief 
determinant of the editing rate (Morales and Kool, 2000). 
1.4 The E subunit of Pol III 
Epsilon ( E ), the proofreading subunit of DNA polymerase III holoenzyme, is the 
replication protein of interest in this study. Its properties will be reviewed extensively in 
the introduction to the succeeding four Chapters. In introducing Chapter 2, I will focus 
on the following concepts: discovery of the dnaQ gene that encodes the E subunit, 
generation of plasmids that overproduce £, and the discovery that £ contains an N-
terminal domain that bears the exonuclease active site and interacts with 8, and a C-
terminal domain that interacts with a. In Chapter 3, I will summarise previous studies 
that focussed on characterising the active site and mechanism of £ using biochemical, 
sequence alignment and mutagenesis approaches. Then, I will use the crystal structure 
of the N-terminal domain of£ (£186) to classify the replicative proofreading domains of 
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the dnaQ superfamily of enzymes. In Chapter 4, I will discuss the assays previously 
used to measure the exonuclease activity of E, which were based on hydrolysis of 
radiolabelled ssDNA or DNA with mismatched terminal nucleotide(s). Finally, the 
introduction to Chapter 5 will focus on the specificity of the mechanism of hydrolysis 
by E of mismatched nucleotides, ssDNA, and RNA, and its inhibition by different 
dNMPs. 
Following Chapter 6, which describes some preliminary structure determin-
ations with nucleotide-free E 186, I will in Chapter 7 review the structural basis of 
processivity in Pol III holoenzyme, and highlight other exciting recent structural studies 
on other components of the replisome. 
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Expression and Purification of the 
E Subunit of Pol III 
Chapter 2 
2.1 Introduction 
Initial studies to find E. coli proteins that had a major role in preserving the 
accuracy of DNA replication involved searching for mutator genes, which are genes 
that when mutated lead to high mutation rates. Among several classes of mutator 
mutations, mutD5 and dnaQ49 were the most notable since they caused extremely high 
mutation rates (Degnen and Cox, 1974; Horiuchi et al., 1978). The mutD mutation is a 
very strong general mutator, with phenotypes reported· to be pleiotrophic. Its mutator 
activity is medium dependent, and mutD cells are sensitive to 5-aminoacridine, a known 
mutagen (Degnen and Cox, 1974). The dnaQ49 mutation caused temperature-sensitive 
mutants, defective DNA synthesis and high mutability, and sensitivity toward 5-
aminoacridine (Horiuchi et al., 1978). Using in vitro recombinant techniques, Horiuchi 
et al. (1981) constructed plasmids carrying the dnaQ gene. The hybrid plasmids 
contained a 1.5-kb insert of E. coli DNA that coded for two proteins whose molecular 
weights were 25 and 21 kDa. By genetic analysis, the 25-kDa protein was identified as 
the dnaQ gene product and the 21-kDa protein as RNase H (Horiuchi et al., 1981). It 
was later reported that the dnaQ and rnh genes were transcribed in opposite directions 
and had overlapping promoter regions and translational signals (Maki et al. , 1983). 
Other studies using gene mapping and complementation experiments confirmed that the 
mutD5 and dnaQ49 mutations occurred in the same gene, called dnaQ (Echols et al., 
1983; Maruyama et al. , 1983; Scheuermann et al. , 1983). The dnaQ gene product was 
shown to be the £ subunit of the Pol III holoenzyme, the subunit responsible for the 
3 '-5' exonuclease (proofreading) activity (Scheuermann and Echols, 1984). 
For the first reported overproduction of£, Schueurmann and Echols (1984) used 
tightly-controlled heat-inducible transcription from a plasmid-borne bacteriophage A PL 
promoter in a defective Acl8 5 7 lysogenic host. For construction of their plasmid 
pNS360, they treated a dnaQ+ DNA fragment with exonuclease BAL31 to remove 
DNA to a point six base pairs before the A TG start codon ( as revealed by sequence 
analysis by P. Lilley in our laboratory; Figure 2. la). After attachment of a 6-bp EcoRl 
linker, they inserted the resulting dnaQ+ fragment at the EcoRl site of vector pNS3 to 
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yield pNS360. To generate a more versatile overexpression system useful in a wider 
range of bacterial hosts, the same fragment (from pNS360) was inserted into the EcoRI 
site downstream of the strong ribosome-binding site (RBS) in the A-promoter vector 
pND201 to generate pPL223 (Hamdan et al., 2002b ), which has 17 bp of DNA between 
the vector RBS and dnaQ start codon (Figure 2.1 a). Subsequent shortening of this 
distance to 11 bp gave a plasmid (pPL224) that directed overproduction of£ to higher 
levels (Hamdan et al., 2002b; Figure 2.2). 
However, strains containing pPL224 grew poorly, most likely because of 
constitutive overexpression of the aspV tRNA gene that occurs immediately 
downstream of dnaQ (Horiuchi et al., 1987). In one step, phagemid pND702 
(Figure 2.1 b) was constructed, resulting in (i) removal of asp V and concomitant 
improvement in the growth rate of a strain carrying pND702 cf one containing pPL224, 
(ii) insertion of a new Bg!II site 17 bp downstream of the end of dnaQ, and (iii) transfer 
of the gene to a phagemid vector for preparation of a ssDNA template for 
oligonucleotide-directed mutagenesis. 
In early work in our laboratory, £ was purified by a procedure based on that of 
Schueurmann and Echols (1984) from a strain containing pPL224 (Thompson, 1992). 
Since overproduced £ was insoluble in vivo, this procedure used a denaturation/ 
refolding step. A degradation product was obtained by chance during dialysis of one 
particular batch of purified full-length £, presumably as a result of proteolysis by an 
unidentified protease present as an impurity (Thompson, 1992). The protein had an 
apparent size of 23,500 Da as judged by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE), a molecular weight of "720,600 as determined by a sedimentation equilibrium 
experiment, and the same N-terminal amino acid sequence as determined for the full-
length £, ST AITRQIVL- (Thompson, 1992). Proteolysis of another batch of £ with 
chymotrypsin under native conditions cleanly generated a fragment that had the same 
N-terminal sequence, a molecular weight of ,.__,20,800 as determined by gel filtration, and 
a mobility just less than that of the serendipitously degraded product in SOS-PAGE 
experiments (Thompson, 1992; Hamdan et al., 2000). The three proteins £, the degraded 
product, and the chymotryptic fragment, had comparable activities in a proofreading 
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assay using oligo( dT)1i[3H]-dC)6 annealed to poly( dA)200 as template, and both the 
degradation product and chymotryptic fragment promoted the hydrolysis of the p-
nitropheny l ester of thymidine-5 '-monophosphate (pNP-TMP) with comparable 
turnover numbers (Thompson, 1992; Hamdan et al., 2000). 
(a) 
BamHI RBS I Hpal I EcoRI dnaQ I I I ~ pPL223 : ... GGATCCTAAGGAGGTTAACGGGAATTCCCGCTATG ... 
BamHI RBS (Hpal/EcoRI) dnaQ 
. I I I I I ~ pPL224 . ... GGATCCTAAGGAGGTTAATTCCCGCTATG ... 
L________ ------------------' 
J BamHI 
Haell 
Bfrl 
pPL223 (5031 bp) 
pPL224 (5025 bp) 
Hae II 
(b) 
Haell 
(c) 
(5025 
pND702 (4927 bp) 
pJY764 (4927 bp) 
pJY765 (4927 bp) 
pSH1017 (5412 bp) 
pSH1018 (5412 bp) 
Hae II 
Haell 
f1 ori 
Figure 2.1: Plasmids that direct overproduction of E and E 186. (a) Plasmid pPL223 is a 
bacteriophage A-promoter plasmid constructed by insertion of a 1018-bp dnaQ+ 
fragment from pNS360 (Schueurmann and Echols, 1984) at the EcoRI site of pND201 
(Elvin et al., 1990). Removal of a 6-bp fragment between the Hpal and EcoRI sites in 
the region between the vector RBS and dnaQ start codon in pPL223 gave plasmid 
pPL224; sequences are given at the top. (b) Phagemid pND702 was constructed by 
ligation of the 1018-bp PL-dnaQ+ Bglll-Haell fragment of pPL224 with the large 
BgllI-SmaI fragment of phagemid vector pMA200U (Elvin et al., 1990) and a short 
double-stranded oligonucleotide adaptor that introduced a new Bglll site downstream of 
dnaQ. This resulted also in removal of the asp V tRNA gene. The pND702 derivatives 
pJY764 and pJY765 were constructed by oligonucleotide-directed mutagenesis: the 
single-nucleotide change in pJY765 removed a BamHI site in dnaQ to facilitate 
subcloning of the gene, while pJY764 has a TAA stop codon and new Bfrl site inserted 
after codon 186 of dnaQ, and directs overproduction of E 186. ( c) The bacteriophage T7-
promoter plasmids pSHl0l 7 (encoding E) and pSH1018 (encoding £186) were prepared 
by insertion of 785-bp BamHI-EcoRI fragments from pJY765 and pJY764, 
respectively, between the corresponding sites in vector pETMCSII (Neylon et al., 
2000). pPL223 and pPL224 were constructed by Ms Penny Lilley, pND702 by Dr Nick 
Dixon, and pJY764 and pJY765 by Mr JiYeon Yang (Yang, 1998), as described in 
Hamdan et al. (2002b). 
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E 
e186 
Figure 2.2: Overproduction of E and £186. Cultures (20 mL) of strain AN1459 
containing plasmids pPL223, pPL224, pND702 and pJY764 (as indicated) were grown 
at 30 QC to A 595 = 0.5-0.6, then incubated at 42 QC. Cells were harvested from portions 
removed before (lanes marked '30') and 2 h after (lane marked '42') the temperature 
shift. Similarly, cultures (20 mL) of strain BL21(DE3)/pLysS containing pSHl0l 7 and 
pSH1018 were grown at 37 QC to A 595 = 0.5-0.6 (lanes marked'-'), then treated for 2 h 
with 1 mM IPTG (lanes marked '+'). Harvested cells were resuspended to A s9s = 10 in 
gel loading buffer containing 2% SDS and heated for 2 min at 95 QC, before proteins in 
samples (20 µLeach) were resolved by SDS-PAGE on a 15% polyacrylamide gel. The 
mobilities of molecular weight markers (sizes in kDa) were as indicated. 
Examination of potential chymotrypsin cleavage sites that would generate a 
fragment of the appropriate size suggested cleavage had occurred after Phe 187 of E, and 
that the 3 '-5' exonuclease domain of E is comprised approximately of the N-terminal 
186 residues. Oligonucleotide-directed mutagenesis was therefore used to insert a TAA 
stop codon into the dnaQ gene in pND702 immediately after the codon for Alal 86 to 
produce plasmid pJY7 64 (Figure 2.1 b ), which directed high-level overproduction of the 
domain, named £186 (Yang, 1998). 
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Use of A-promoter vectors for heat-inducible protein expression necessarily 
involves treatment of cell cultures for extended periods at 37-42 °C. It had been 
observed that although both E and E 186 accumulated to high levels in cells containing 
pND702 and pJY764, respectively (Thompson, 1992; Yang, 1998; Figure 2.2), the 
proteins were insoluble, presumably trapped in inclusion bodies (Kane and Hartley, 
1988). This had been observed previously by others, who developed methods for 
resolubilisation of the proteins by their denaturation and subsequent refolding 
(Scheuermann and Echols, 1984; Perrino et al., 1999). Early attempts to crystallise E 186 
were unsuccessful (Yang, 1998). 
Yang (1998) and Perrino et al. (1999) independently showed that E186 interacts 
with 8. Perrino et al. ( 1999) also showed, using maltose-binding fusion proteins, that 
the C-terminal region (residues 187-243) interacts with the polymerase subunit a. 
In this study, I developed an expression system for E 186 in soluble form by 
inserting its gene in a T7-promoter vector, which allowed the expression to be carried 
out at lower temperatures. I found that E 186 could be obtained in soluble form from 
cells grown at 3 0 ° C. This was not the case for full-length E even at temperatures as low 
as 28 °C. A new method was developed for purification of E 186, and heavy isotope-
labelled samples of E186, 8, and the E186·8 complex were produced for NMR studies, 
as well as selenomethionine (SeMet)-labelled E 186 for crystallisation studies. 
2.2 Materials and methods 
2.2.1 Bacterial strains and plasmids. The plasmid pCM869, which directs 
overproduction of the 8 (holE) subunit of Pol III (Keniry et al., 2000), and the 
bacteriophage T7-promoter vector pETMCSII (Neylon et al., 2000) have been 
described previously. Plasmids pJY7 65 and pJY7 64 (Figure 2.1; Yang, 1998) were used 
as source of the full-length dnaQ gene, and the mutant gene that encodes E 186, 
respectively. Strain BL2 l(DE3)/pLysS (Studier et al., 1990) was used for expression 
with dnaQ+ derivatives of pETMCSII, and strain BL2 l(DE3)recA (Williams et al., 
2002) containing pCM869 was used for overproduction of 8. Bacteria were grown at 
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37 °C (for T7-promoter vectors, unless otherwise specified) in LB broth or plates 
supplemented with thymine (25 µg/mL), and ampicillin (50 µg/mL) and/or 
chloramphenicol (50 µg/mL), as required. Plasmid DNAs were prepared as described in 
Stamford et al. ( 1992). 
2.2.2 General methods. Methods for DNA manipulation were essentially as 
described (Vasudevan et al., 1991; Stamford et al., 1992). Fragments isolated following 
separation by agarose gel electrophoresis were used for DNA ligations (with T4 DNA 
ligase ). A FPLC system (Pharmacia) was used for chromatographic separations of 
proteins at 4 ° C. 
2.2.3 Overproduction of E and E186 using T7-promoter vectors. Plasmids 
pJY764 and pJY765 were linearised by digestion with EcoRl, and then cleaved with 
BamHI (partially, in the case of pJY764). The 785-bp BamHI-EcoRl fragments were 
isolated and inserted between the same sites in the bacteriophage T7-promoter vector 
pETMCSII to give pSH1017 (encoding E) and pSH1018 (encoding £186; Figure 2.lc). 
For expression of the proteins, these two plasmids were separately transformed into 
strain BL2l(DE3)/pLysS. 
2.2.4 Buffers. Buffers used for purification of E, E 186, 8 and the E 186·8 
complex were 25 mM Tris·HCl pH 7.6, 2 mM DTT, 0.1 mM EDTA, 5 mM MgCb, 
10% w/v glycerol (buffer A); 25 mM Tris·HCl pH 7.6, 2 mM DTT, 1 mM EDTA, 
0.15 M NaCl, 10% w/v glycerol (buffer B); 20 mM Tris·HCl pH 7.6, 2 mM DTT, 
0.5 mM EDTA, 10% w/v glycerol (buffer C); 10 mM sodium phosphate pH 6.5 , 
0.5 mM EDTA, 2 mM DTT, 10% w/v glycerol (buffer D). 
2.2.5 Partial purification of E. The procedure was essentially as described 
(Scheuermann and Echols, 1984; Miller and Perrino, 1996), except that E. coli 
BL2l(DE3)/pLysS/pSH1017 was used as the source of E. This strain was grown at 
37 °C until A 595 = 0.5-0.6, when protein production was induced with IPTG (1 mM). 
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Cultures were shaken at 37 QC for a further 3.5 h, then chilled in ice. Cells (2.1 g from 
1 L of culture) were harvested by centrifugation (11,000 x g, 10 min), frozen in liquid 
nitrogen and stored at - 70 QC. After thawing, they were resuspended in 40 mL of E lysis 
buffer (20 mM Tris·HCl pH 7.4, 10% w/v sucrose, 150 mM NaCl, 5 mM DTT), and 
lysed using a French press operating at 12,000 psi. The pellet obtained after 
centrifugation (39,000 x g, 30 min) contained the insoluble E. It was washed, solubilised 
with 3 M guanidine· HCl, and refolded during dilution and dialysis as described 
(Scheuermann and Echols, 1984) to yield Fraction I ( 17 5 mL ). At each stage, 
substantial precipitates containing misfolded E formed and were removed by 
centrifugation. Fraction I, finally in 25 mM Tris·HCl pH 7 .4, 20% w/v glycerol, 50 mM 
NaCl, I mM EDTA, 5 mM DTT, was applied at 0.8 mL/min to a column (2.5 x 20 cm) 
of DEAE-Sephacel (Pharmacia) that had been equilibrated with the same buffer. 
Partially-purified E (which passed unretarded through the column) was collected, 
concentrated by precipitation with ammonium sulfate (0.38 g/mL), redissolved and 
dialysed vs buffer B, to yield Fraction II (35 mL). 
2.2.6 Purification of E186. Strain BL2l(DE3)/pLysS/pSH1018 was grown 
and protein production was induced with IPTG similarly to the strain carrying 
pSHI0I 7, except that cell growth was at 30 QC. Cells (11 g, from 4 L of culture) were 
resuspended at 0 QC in El86 lysis buffer (50 mM Tris·HCl pH 7.6, 10% w/v sucrose, 
0.1 M NaCl, I mM DTT, I mM EDTA, 10 mM spermidine·3HC1; 150 mL), and lysed 
as described above. Following centrifugation (39,000 x g, 30 min), proteins were 
precipitated from the supernatant (Fraction I, 150 mL) with ammonium sulphate 
(0.33 g/mL of Fraction I) at 4 QC. Pellets obtained after centrifugation (39,000 x g, 
30 min) were resuspended in 100 mL of buffer A containing 75 mM NaCl, and dialysed 
vs three changes of 2 L of this buffer. The dialysate (Fraction II, I 09 mL) was clarified 
by centrifugation before being loaded onto a column (2.5 x 16 cm) of DEAE-Fractogel 
(Merck) that had been equilibrated in buffer A+75 mM NaCl. The El86 protein did not 
bind to the resin and was eluted during further washing with buffer A+75 mM NaCl. 
Fractions containing E 186 were pooled and dialysed overnight vs two changes of 2 L of 
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buffer A. After clarification by centrifugation as before, the supernatant (Fraction III, 
93 mL) was divided into 10-mL portions, which were separately loaded onto a Mono-Q 
HRl 0/10 column (Pharmacia) that had been equilibrated with buffer A. Proteins were 
eluted with a linear gradient (60 mL) of 0-0.2 M NaCl in buffer A at a flow rate of 
1.5 mL/min; fractions containing E 186 eluted at ,...,90 mM NaCl and were pooled, 
dialysed into buffer B, and stored at-70 QC (Fraction IV, 37.5 mL). 
2.2. 7 Purification of 0. Cultures of E. coli BL2 l (DE3)recA/pCM869 were 
grown at 37 QC until A 595 = 0.5-0.7, whereupon expression of 8 was induced by addition 
of IPTG (1 mM). After 3 h, cells (10.8 g from 5 L of culture) were harvested by 
centrifugation. After being resuspended in ice-cold 8 lysis buffer (50 mM Tris·HCI, 
pH 7.6, 10% w/v sucrose, 0.2 M NaCl, 20 mM spermidine·3HCI, 2 mM DTT; 125 mL), 
cells were lysed as described for E, above. Cell debris was removed by centrifugation 
(39,000 x g, 30 min), and the lysate was dialysed against 4 L of buffer D. The solution 
was clarified by centrifugation and applied at 1 mL/min to a column (2.5 x 16 cm) of 
phosphocellulose (Whatman Pl 1 ). Fractions containing 8, which eluted between 0.25 
and 0.32 M NaCl in a gradient of 0--0.5 M NaCl (300 mL) in Buffer D, were pooled and 
dialysed vs two changes of 2 L of buffer C containing 0.1 M NaCl (37 mL, 55 mg). 
Purification of 8 was done in collaboration with Ms Esther Bulloch. 
2.2.8 Preparation of the e186·0 complex. Purified 8 and E 186 in buffer 
C+0.l MNaCl were combined in a 3:2 molar ratio [5.9 mg of 8, 13.2 mg ofE186] in a 
total volume of 6.6 mL. The mixture was treated at 15 QC for 30 min, then diluted to 
50 mL with buffer C at 4 QC. The E 186·8 complex was isolated by chromatography of 
the mixture on a Mono-Q HRl 0/10 column equilibrated with buffer C at a flow rate of 
1.5 mL/min. Excess 8 flowed unretarded through the column. The E 186·8 complex 
eluted in a linear gradient (60 mL) of 0--0.2 M NaCl in a single peak at ,...,30 mM NaCl, 
and was thus well separated from the position at which E 186 would elute under similar 
conditions (see above). Fractions containing E 186·8 were pooled, dialysed vs two 
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changes of 2 L of buffer Band stored at-70 °C. In several preparations, the recovery of 
£ 186 in the complex was >80%. 
2.2.9 Overproduction and purification of labelled proteins for NMR 
studies. To prepare uniformly 15N-labelled £ 186 for NMR studies, BL2 l(DE3)/ 
pLysS/pSH1018 was grown essentially as described in Section 2.2.6, but in a minimal 
medium consisting of 100 mM Na/K phosphate buffer, trace salts, 1 µg/mL vitamin Bl, 
1 mM MgSO4, 7.2 g/L D(+)-glucose and 0.5 g/L 15NH4Cl (Novachem or Cambridge 
Isotope Laboratories). The 15N, 13C-labelled £ 186 was made from cells similarly grown 
in 15N, 13C-labelled OD2 complete medium (Silantes), or in a minimal medium 
containing 1 g/L 15NH 4Cl and 1 g/L [1 3C6]-D( + )-glucose (Cambridge Isotope 
Laboratories). Induction with 1 mM IPTG was carried out for 4 h. 
To make 15N- and 15N, 13C-labelled 8, BL21 (DE3)recA/pCM869 was grown as 
described in Section 2.2.7, but in minimal medium containing 1 g/L 15NH4Cl and the 
appropriate amount of glucose (7.2 g/L D(+)-glucose for 15N-labelled protein or 
0.65 g/L [1 3C6]-D( +)-glucose for 13C-labelled protein). Labelled £186·8 complexes were 
purified according to the procedure described in Section 2.2.8. The 15N, 13C-labelled 8 
and its complex with £ 186 was made in collaboration with Ms Esther Bulloch, while the 
overproduction and purification of 15N-labelled 8 was done in collaboration with Ms 
Tanya Ronson. 
2.2.10 Overproduction and purification of selenomethionine-substituted 
e186. The strain BL21(DE3)/pLysS/pSH1018 was grown as described in Section 2.2.6 
in the minimal medium described in Section 2.2.9 (with 2 g/L NH4Cl and 7.2 g/L D(+)-
glucose) until the culture reached A 595 = 0.5. A mixture of amino acids was added to 
reach final concentrations of 100 mg/L for Lys, Thr, and Phe and 50 mg/L for Leu, Ile, 
and SeMet. The culture was grown for an extra 15 min before induction with IPTG 
(1 mM) for 4 h. The idea behind this method, as discovered by Van Duyne et al. (1993), 
is to block the normal Met synthesis pathway in the cells due to the high concentrations 
of Lys, Thr, Phe, Leu, and Ile, which in tum forces them to utilise the added SeMet. The 
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protein was purified as described in Section 2.2.6, and the incorporation of six SeMet 
residues (~100% incorporation) in the protein was confirmed by ESI-MS (as described 
below). 
2.2.11 Activity assay of pNP-TMP hydrolysis activity. Enzymatic activities 
of E, E 186 and the £·8 complex were determined routinely with the 5' -nitrophenyl ester 
of TMP (pNP-TMP) as substrate at pH 8.00 and 25 °C, as will be described in detail in 
Chapter 4 (Section 4.2.3). One unit of activity is defined as the amount of enzyme that 
hydrolyses 1 µmol of pNP-TMP per minute under these conditions. 
2.2.12 Characterisation of proteins. Proteins were concentrated as required 
using a membrane centrifugal filter device (Millipore Ultrafree-15, 10 kDa cutoff). The 
molecular weights of E and E 186 were determined by ESI-MS using a VG Quattro II 
mass spectrometer with samples that had been dialysed extensively into 0.1 % formic 
acid. Concentrations of proteins in partially-purified fractions were determined by the 
method of Bradford (1976), with bovine serum albumin as standard. Concentrations of 
freshly-dialysed purified samples of E, E 186, 8 and the E 186·8 complex used for kinetic 
studies were determined spectrophotometrically at 280 nm, using E28o = 12090, 6400, 
8250 and 14650 M-1cm-1, respectively (Gill and von Rippel, 1989). The Bradford assay 
overestimated concentrations of E 186 by 5% in comparison with estimations based on 
A2so- SDS-PAGE was as described (Laemmli, 1970); proteins were visualised with 
Coomassie brilliant blue. 
2.3 Results and discussion 
2.3.1 Enriched sources of the E subunit of DNA polymerase III and its 
exonuclease domain. The original plasmid (pNS360) that contained the dnaQ gene, 
which had been kindly provided by Dr Harrison Echols (Scheuermann and Echols, 
1984), directed expression of E to a low level. Several manipulations were conducted in 
our laboratory (Hamdan et al., 2002b) that led to generation of a A-promoter vector 
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(pJY765) which directed expression of£ to a high level (Figure 2.2). Following the 
observation by Thompson (1992) of a 20.6-kDa proteolytic fragment that had 
comparable phosphodiesterase activity to the full-length £, Yang (1998) predicted it to 
terminate at Phe 187. He genetically engineered a fragment shorter than this by one 
residue by introducing a stop codon after Alal 86 to generate the plasmid pJY764 
(Hamdan et al., 2002b ), which directed strong expression of£ 186 (Figure 2.2). Despite 
the fact that both £ 186 and £ were expressed to high levels at 42 °C in the A-promoter 
vectors, they were insoluble (not shown). This had also been observed previously by 
others, who developed a method for resolubilisation of the proteins by denaturation and 
subsequent refolding (Scheuermann and Echols, 1984; Perrino et al., 1999). 
During NMR studies with £ 186, we observed that the protein precipitated from 
concentrated solutions at temperatures above 30 °C (Hamdan et al., 2000). To assess 
whether expression at lower temperatures would allow isolation of the proteins in 
soluble form directly from cell extracts, genes encoding £ and £ 186 were transferred 
into vectors that permitted IPTG-induced expression under control of a bacteriophage 
T7 promoter (Studier, 1991). Indeed, the T7-promoter plasmid pSH1018 did direct 
overproduction of completely-soluble £ 186 to high levels at 30 °C ( compare lanes 
marked C and I in Figure 2.3a). However, this was not true for expression of full-length 
£, which still remained insoluble when expressed from plasmid pSHl O 17 at 
temperatures as low as 28 °C (not shown). 
2.3.2 Purification and characterisation of E and e186. Both £ and £ 186 were 
purified in yields of about 14 and 3 5 mg/L of culture, respectively. As observed in 
previous studies (Scheuermann and Echols, 1984; Miller and Perrino, 1996), 
denaturation and refolding of £ resulted in substantial losses ( ~80%) through 
precipitation. Some contaminating proteins and nucleic acids were removed by passing 
resolubilised £ through an anion exchange column, and it was then concentrated by 
ammonium sulphate precipitation. The isolated protein was about 80% pure as assessed 
by SOS-PAGE (Figure 2.3b, lane 1 ), and was prone to aggregation and precipitation, 
which placed some limitations on the reliability and reproducibility of activity 
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Figure 2.3: Purification of E, E 186 and the E186·8 complex. (a) SDS-PAGE (15%) 
analysis of samples of fractions in successive steps of purification of E 186. Lanes are 
marked with Fraction numbers I-IV (Table 2.1 ). The lane marked C contains an amount 
of lysed whole cells equivalent to that in the sample of cell-free extract (Fraction I). 
Equal amounts of pNP-TMP hydrolase activity (0.10 Unit) were loaded in each 'lane. (b) 
SDS-PAGE (15%) analysis of purified proteins. Equal amounts of E (lane 1), E186 
(lane 2), and E 186.8 (lane 3) in terms of pNP-TMP hydrolase activity (0.10 Unit) were 
loaded in each lane. Lane 4 contained 6.0 µg of 8, equivalent to the amount calculated 
to be needed to reconstitute 0.10 Unit of E 186·8 activity, on the assumption that the 
complex contains equimolar amounts of the two proteins. The mobilities of molecular 
weight markers (sizes in kDa) were as indicated. 
measurements. The purified E had a specific activity of 4.4 Units/mg for hydrolysis of 
pNP-TMP under the standard assay conditions (Section 2.2.11 ). 
On the other hand, the soluble E 186 was purified conventionally by precipitation 
with ammonium sulphate and two steps of anion-exchange chromatography (Table 2.1 ). 
In the first step, the enzyme in buffer with 70 mM NaCl passed unretarded through a 
DEAE-Fractogel column, resulting in removal of nucleic acids and many proteins. In 
the second step, with a sample at lower ionic strength, the protein bound to a Mono-Q 
column and eluted, highly purified, in a salt gradient. The constant relationship of the 
intensity of the E 186 band to activity during purification (Figure 2.3a) indicated that the 
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protein was stable during the isolation procedure, and that only E 186 among the 
abundant proteins in the cell-free extract of IPTG-treated BL2l(DE3)/pLysS/pSH1018 
was capable ofhydrolysingpNP-TMP. 
Fraction Proteina Activity6 Specific activity 
(mg) (Units) (Units/mg) 
I. Cell-free extract 885 3040 3.4 
II. Ammonium sulfate 497 2090 4.2 
III. DEAE-Fractogel 188 1910 10.3 
IV. Mono-Q 140 1530 10.9 
Table 2.1: Purification of E 186. aProtein concentrations were measured by the method 
of Bradford (1976), with bovine serum albumin as standard. bEnzyme activity was 
measured by following the hydrolysis of pNP-TMP under the standard assay conditions 
described in Section 2.2.11. One Unit of activity is the amount of enzyme that promotes 
hydrolysis of 1 µmol of pNP-TMP per minute at pH 8.00 and 25 °C. 
The integrity of the proteins was confirmed by ESI-MS, where the measured 
molecular weights of 26966 ± 2 for E and 20584 ± 1 for E 186 compared well to the 
calculated values of 26968 and 20585, respectively. In both cases, the N-terminal 
methionine had been removed, as had been shown previously by protein sequence 
determination with E and proteolytic fragments of E close in size to E 186 (Thompson, 
1992; Perrino et al., 1999). 
2.3.3 Isolation of the E186·8 complex. The E 186·8 complex was prepared 
simply by mixing purified E 186 with a slight excess of 8 under conditions similar to 
those described by Perrino et al. (1999). Essentially all of the E 186 was incorporated 
into the complex, which could be separated on a preparative scale from excess 8 and 
traces of impurities in the E 186 preparation by anion-exchange chromatography on a 
Mono-Q column (Figure 2.4). Visual comparison of the intensities of stained protein 
bands from the complex and a calculated equimolar amount of 8 in an SDS-
polyacrylamide gel was consistent with a 1: 1 molar ratio of subunits (Figure 2.3b, 
lanes 3 and 4). Such a stoichiometric relationship between amounts of full-length E and 
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Figure 2.4: Preparation of the E 186·8 complex. A mixture of purified E 186 with a 
0.5 molar excess of 8 was treated at 15 °C, then separated from excess 8 by elution with 
a gradient of NaCl from a Mono-Q column, as described in Section 2.2.8. (a) Elution 
profile, showing A280 (arbitrary units) and [NaCl] in the eluate. Fractions (1 mL each) 
were collected. Excess 8 (not shown) flowed unretarded through the column before the 
salt gradient was applied. E 186 would have eluted at the indicated position under these 
conditions. (b) Proteins in samples (10 µL) of fractions (as indicated) from the column 
were resolved by 15% SOS-PAGE. Only the portion of the gel that showed visible 
protein bands is shown. 
8 in the E 186·8 complex has been established more rigorously by Studwell-Vaughan 
and O'Donnell (1993). 
In some earlier experiments to isolate the E 186·8 complex using samples of 8 
and 15N,13C-8 that had been less-completely purified, as described previously (Keniry et 
al., 2000) and stored for several weeks at 4 °C, we observed two additional well-
resolved peaks that eluted between the E 186.8 complex and E 186 (not shown). These 
were shown by SOS-PAGE and ESI-MS (in collaboration with Dr Jenny Beck, 
University of Wollongong) to contain complexes of intact E 186 with proteolytic 
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fragments of 8, where the molecular weights of the 8 fragments were 8473.7 ± 0.5 (first 
eluted peak with unlabelled 8) and 8154. 7 ± 0.1 ( second peak with double-labelled 8). 
The first corresponded to a fragment of 8 missing the first three (MLK) residues 
(calculated mass: 8473.8), while the second corresponded to loss from this fragment of 
a further six residues (YEPKLK) from the C-terminus ( calculated mass, for 100% 
labelling: 8153.7 Da). This indicates that these residues, near the termini of 8, which are 
flexible in its structure (Keniry et al., 2000), do not participate significantly in its 
interaction with£. 
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Structure of the N-Terminal 
Exonuclease Domain 
of the E Subunit of Pol III 
Chapter 3 
3.1 Introduction 
Fidelity of DNA replication is determined by three processes: base selection by 
a DNA polymerase, editing of polymerase errors by an associated 3'-5' exonuclease, 
and post-replicative mismatch repair (Echo ls and Goodman, 1991 ; Kunkel and Bebenek, 
2000). In E. coli, these processes contribute to duplication of the genome by the 
replicative DNA polymerase III (Pol III) holoenzyme with error frequency ,__, 10-10 per 
base pair replicated (Drake, 1991). The DNA polymerase contributes a factor of 10-1, 
including the contribution of 10-2-10-3 by the associated proofreading exonuclease 
(Drake, 1991; Kunkel and Bebenek, 2000). DNA polymerases have been classified into 
families on the basis of sequence and presumed structural similarity to three of the 
distinct DNA polymerases of E. coli, Pol I (family A), Pol II (family B) and Pol III 
(family C; as discussed in Section 1.3.1). In recent years, determination of the structures 
of members of the Pol A and Pol B families has led to a good understanding of their 
mechanisms of DNA synthesis (see Section 1.3). However, there is no structure yet 
solved of a polymerase from the Pol C family. 
The Pol III holoenzyme core is comprised of three subunits, a, £ and 8. The 
large a subunit contains the polymerase active site, while £ (242 residues), the product 
of the dnaQ gene (Scheuermann et al., 1983), is the 3'-5' exonuclease that serves as the 
proofreader. That the polymerase and exonuclease active sites are present on separate 
subunits is an unusual situation, since in most DNA polymerases determinants of both 
activities reside in a single polypeptide chain (Maki and Kornberg, 1985; Kunkel, 1988). 
This may allow separate control of the proofreading exonuclease and polymerase 
activities, for example in the SOS mutagenic response (Studwell and O'Donnell, 1990; 
Sutton et al., 2001). Although the structure of the small 8 subunit has been determined 
by NMR spectroscopy (Keniry et al., 2000), its function is still uncertain. 
Since £ interacts with both a and 8, it is likely to play an important structural 
role within the Pol III core (Studwell-Vaughan and O'Donnell, 1993; Perrino et al., 
1999; Taft-Benz and Schaaper, 1999). Intersubunit interactions also influence 
enzymatic activities: for example, interaction of£ and a was reported to stimulate the 
exonuclease activity of £ on DNA substrates between 10- and 80-fold and the 
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polymerase activity of a two-fold (Maki and Kornberg, 1987), while 8 stimulated the 
activity of E on DNA substrates about two- to four-fold (Studwell-Vaughan and 
O'Donnell, 1993; Perrino et al., 1999). Moreover, assembly of a highly-processive 
Pol III holoenzyme requires the presence of E in its core (Studwell and O'Donnell, 1990; 
Reems et al., 1991). 
The N-terminal domain of the E. coli enzyme is the archetypal member of the 
DnaQ superfamily of 3'-5' exonucleases (Viswanathan and Lovett, 1999), which 
includes not only all of the replicative proofrea~ing enzymes, but also many 
exonucleases involved in other aspects of nucleic acid metabolism. Historically, amino 
acid alignments among polymerase-associated 3 '-5' exonucleases first showed several 
conserved motifs (Exol, ExoII, and ExoIII; Morrison et al., 1991; Blanco et al., 1992; 
Koonin and Deutscher, 1993; see Figure 3.1), that contain carboxylate residues 
presumed by analogy with the structure of the corresponding domain of Pol I (Ollis et 
al., 1985) to interact with two divalent metal ions that participate in phosphodiester 
bond cleavage (Freemont, 1988; Beese and Steitz, 1991; Derbyshire et al., 1991). The 
canonical ExoIII motif is absent in E and other proofreading exonucleases associated with 
Pol C family polymerases, being substituted by an alternative motif named ExoIIIE 
(Barnes et al., 1995; Taft-Benz and Schaaper, 1998; Figure 3.1). 
A wider examination of sequence conservation within the DnaQ superfamily 
subsequently suggested that it could be divided into five subfamilies A-E, with the 
DNA polymerase-associated enzymes grouped in subfamily A (Moser et al., 1997). 
The structural significance of this evolutionary division is not yet clear. What now 
seems likely, based in part on the work reported here, is that structures of the 
replicative proofreading domains (and probably others as well) can be subdivided 
depending on the occurrence of a particular tyrosine or histidine residue that precedes a 
strictly-conserved aspartate, usually by three (for Tyr, in the ExoIII motif) or four 
residues (for His, in the ExoIIIE motif; e.g., see sequence alignments in Moser et al., 
1997). For the moment, we designate these two structural subfamilies DnaQ-Y and 
DnaQ-H, respectively. The corresponding residue in E is His162, which is shown here 
to be at the active site and critically involved in the mechanism. 
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Figure 3.1: Alignment of the sequence of E. coli £ (Eco) with that from Salmonella 
typhimurium (Sty; GenBank 2506367) and putative £ subunits from 12 other bacterial 
species: Haemophilus influenzae (Hin, 1169396), Buchnera aphidicola (Bap, 2833216), 
Rickettsia prowazekii (Rpr, 6685391), Treponema pallidum (Tpa , 6014996), 
Thermatoga maratima (Tma, 4981007), Deinococcus radiodurans (Dra, 6458571), 
Streptomyces coelicolor (Seo, 6117870), Archaeoglobus fulgidus (Afu, 2649627), 
Mycobacterium tuberculosis (Mtu, 2960135), Chlamydia trachomatis (Ctr, 3328974), 
Aquiflex aeolicus (Aae, 6014995), and Chlamydophila pneumoniae (Cpn , 4376954). 
These sequences were chosen as those that gave the highest similarity to E. coli £ in a 
BLAST search (Altschul et al., 1997) using the GenBank database extant in March, 
2000. Those that were linked in the same polypeptide chain to domains with other 
functions (i.e., putative polymerase or helicase domains) were subsequently excluded. 
The alignment is based directly on the BLAST multiple-alignment output. Residues 
identical to those in Eco £ are shown in black, while those that represent conservative 
substitutions (as defined in Altschul et al., 1997) are shown in grey. The previously-
defined Exo motifs (Barnes et al., 1995) are indicated. The eight residues in Eco£ that 
are identical in all sequences (marked•) comprise Asp 12, Glu14, Asp 103, His162 and 
Asp 167, which are shown in this study to be in the active site and involved in metal-ion 
coordination, as well as the residues Glyl 7, Pro54 and Leu145. The 13 residue types 
that are conserved (marked~) are represented in Eco£ by Thr16, Ile30, Ile31, Leu52, 
Ile68, Leu73, Val82, Val96, His98, Met107, Leu148, Ala164 and Ilel 70. Most of these 
are aliphatic hydrophobic residues that most likely contribute to the hydrophobic core 
of the molecule (see Figure 3.13b). 
It is also apparent that the DnaQ-H structural subfamily is itself not restricted 
to replicative proofreaders, but contains members that function, for example, in DNA 
repair or RNA degradation, such as exonuclease I and oligoribonuclease. The crystal 
structure of one member of this subfamily had previously been reported, that of E. coli 
exonuclease I at 2.4 A resolution (Breyer and Matthews, 2000). Although the catalytic 
domain of exonuclease I is distantly related in sequence to the N-terminal domain of£, 
its topology and structure are shown here to be very similar. 
Alignment of the amino acid sequence of £ with a series of most-closely-related 
proteins thought to serve as proofreaders for the Pol C family polymerases in other 
bacterial species indicates that they all belong, by this definition, to the DnaQ-H 
subfamily (Figure 3 .1 ). The alignments show that the N-terminal exonuclease domain is 
well-conserved, but that the C-terminal portion that interacts with a in E. coli (Taft-
Benz and Schaaper, 1999) is not. By using several dnaQ mutants, Taft-Benz and 
Schapper (1999) showed the importance of the three Exo motifs in the N-terminal 
43 
Chapter 3 
domain of £ for catalysis, and Perrino et al. (1999) and Hamdan et al. (2000) 
independently showed that it is active alone as an exonuclease. 
Although the structure of the full-length£ subunit is still unknown, a model for 
the structure of £ 186 has recently been derived from a combination of NMR 
spectroscopy and molecular modelling (DeRose et al., 2002). Our preliminary NMR 
results clearly showed that £ 186 was not a stable sample for long-term NMR 
measurements (Hamdan et al., 2000). This was also observed recently by DeRose et al. 
(2002). Therefore, we decided concurrently to use another approach: to determine the 
structure of £186 by using X-ray crystallography. Crystals that diffracted at 
synchrotron sources to 1.7 A were obtained in the presence of TMP and Mn2+ and the 
structure was determined at a resolution of 1.7-1.8 A. In these new crystal structures, 
£ 186 is complexed with two active-site Mn(II) ions and a molecule of thymidine 5 ' -
monophosphate (TMP). Deoxynucleoside 5 '-monophosphates are the nucleotide 
products of the 3'-5' exonuclease reaction, and have been shown to be competitive 
inhibitors of £-catalysed hydrolysis of both single-stranded DNA (Miller and Perrino, 
1996) and the 5'-p-nitrophenyl ester of TMP (pNP-TMP; Section 4.3.3). This implies 
that TMP binds at the active site of £ in a manner that mimics interaction of the enzyme 
with substrates. 
Attempts to solve the crystal structure of £ 186 using molecular replacement 
with structures of the exonuclease domains of some of the replicative DNA 
polymerases as models were not successful. Attempts to use multiple isomorphous 
replacement (MIR) with several heavy atom derivatives led to a discontinuous map 
calculated from phases at 3.5 A, where only 50% of the polyalanine model was built 
before reaching a stage of very limited improvement in the phases upon successive steps 
of model building. These approaches are described briefly in this Chapter. 
The structure of the £ 186-Mn(II)2-TMP complex was eventually solved by 
multiple wavelength anomalous diffraction (MAD) phasing of data from a crystal of the 
selenomethionine (SeMet)-substituted protein grown at pH 5.8. This was then used as a 
model to refine structures of the native protein from similarly-grown crystals that had 
been soaked in buffers at pH values of 5.8 (where £ has low activity) and 8.5 (where 
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activity is near its maximum). pH-dependent differences in the way TMP and water 
molecules are coordinated to a binuclear Mn(II) centre give persuasive insights into the 
mechanism of action of£, which may help to explain its higher activity in comparison 
with the 3'-5' exonuclease of E.coli Pol I, which is the best characterised enzyme in 
this general class. 
The crystallography and structural refinement described in this Chapter were 
done with the expert guidance of Dr Paul Carr, to whom I am especially grateful. 
3.2 Materials and methods 
3.2.1 NMR data collection and processing. A uniformly 15N-labelled sample 
of £ 186 was prepared as described in Section 2.2.6. The protein was dialysed 
extensively against 10 mM sodium phosphate, pH 6.5, 0.2 mM DTT, 2.5 mM MgCh, 
0.2 mM NaCl at 4 °C, then concentrated by use of an Ultrafree-4 centrifugal filter unit 
(Millipore). The sample used for all measurements contained 15N-£186 at 2.2 mM in 
this buffer containing 10% D2O. NMR spectra were recorded at 10 °C, under which 
conditions < 10% of the protein precipitated over the course of 7 days of data collection 
with a Bruker DMX-600 NMR spectrometer. NMR data were collected and interpreted 
by Professor Gottfried Otting (Karolinska Institute, Stockholm, Sweden). 
3.2.2 Protein crystallisation. For crystallisation, £ 186 was produced as 
described in Section 2.2.6 and dialysed overnight in 50 mM HEPES, pH 7 .5, containing 
2 mM DTT. The protein was concentrated to 11.5 mg/mL as above (Section 3 .2.1 ). 
Initial screens to establish crystallisation conditions used vapour diffusion experiments 
with sitting drops at 4 °C. Trials were performed with three sets of samples: with the 
protein alone, protein with 5 mM MgCh, and protein with 5 mM MnSO4 and 5 mM 
TMP. The drop contained 2 µL of the appropriate protein solution mixed with 2 µL of 
the reservoir solution. 
After crystallisation conditions had been defined, crystals suitable for diffraction 
experiments were routinely grown by the vapour diffusion method in hanging drops at 
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4 °C. The reservoir solution contained 20 to 21 % polyethylene glycol (PEG-8K) in 
0.1 M cacodylate, pH 5.8. The drop contained 3 µL of protein in 5 mM TMP, 5 mM 
MnSO4, mixed with 3 µL of reservoir solution. An amorphous precipitate was observed 
after 5-7 days, and crystals grew from the mixture after a further 7-10 days 
(Figure 3.2). The crystal habit was that of a tetragonal prism, of variable length to 1 mm 
and cross section 0.2 mm x 0.2 mm. Crystals were obtained at a range of pH values 
between 5.8 and 6.5, with initial PEG-8K concentrations between 19 and 21 %. SeMet-
£186 was prepared as described in Section 2.2.10 and crystallised at pH 5.8 as described 
above. Towards the end of this work, when methods for obtaining highly-purified E 186 
had been thoroughly optimised (see Section 2.2.6), it was found that high-quality 
crystals could be grown in times as short as 5 days. 
For data collection_ under cryo-conditions ( 100 K), crystals were transferred into 
buffer containing 40% (w/v) PEG-8K in order to assist their snap freezing in amorphous 
glass without ice. The buffer that contains 40% (w/v) PEG-8K is later referred to as 
cryobuffer. 
Figure 3.2: Crystals of £186 grown in the presence of 2.5 mM Mn2+ and 2.5 mM 
TMP. Typical dimensions of the crystals are O .2 mm x O .2 x 1. 0 mm. 
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3.2.3 Preparation of heavy atom derivatives. Stock solutions of heavy metal 
complex salts were prepared as follow: amounts equivalent to 10 mM concentration in 
cryobuffer containing 40% (PEG-8K) and 0.1 M cacodylate, pH 5.8 were mixed 
vigorously for ,__,3 min, and the solutions were left at 4 °C for at least 3 h to equilibrate at 
the temperature of the crystals and to allow any undissolved metal complexes to settle 
( a saturated solution for metal complexes with limited solubility is considered to be 
"10 mM"). Crystals of £186 that had been grown as described in Section 3.2.2 were 
then transferred into a 20-µL drop of the "10 mM" metal ion solution. Several metal 
complexes were used to screen for those that caused no physical damage to the crystals 
( cracking), but produced a change in diffraction pattern as indicated by poorer scaling to 
native data. The residual error function, Rmerge ( defined as in Table 3 .1 ), was used to 
assess the similarity of scaled data sets. The exposure time of the crystals to promising 
(Trial) (Final) 
Metal Concentration Time Observation Concentration Time Observation 
complex (mM) (h) (mM) (h) 
salt 
CH3HgCl 10 22 diffract to 2 A 
aRmerg = 35% 
K2PtCl4 10 49 diffract to 4 A 1 22 diffract to 3 A 
Rmerge = 32% 
UO2(C2H3O2)2 10 36 crystal cracked 1/10 saturated 24 diffract to 2 A 
Rmerge = 22% 
Na2IrC16 10 30 diffract to 3 A 1 19 diffract to 2 A 
Rmerge = 21 % 
KAu(CN)2 10 49 diffract to 2 A 10 23 diffract to 2 A 
Rmerge = 18% 
K2Pt(CN)4 10 24 no diffraction 1 53 diffract to 2 A 
Table 3.1: Preliminary and final heavy metal soaking conditions for the E 186 crystals. 
aRmerge = I:IFPH - Fpl / I:Fp where Fp = structure factor of the protein (square root of X-
ray intensity) and FPH = structure factor of the protein plus heavy atom. The 
summations are over all reflections. 
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metal complexes and the concentration of the derivatising agent were further optimised 
to produce the maximum diffraction (Table 3.1). The CCP4 suite of programs (CCP4, 
1994) was used to calculate Patterson and anomalous Patterson Fourier maps (Ten 
Eyck, 1973), to locate the heavy metals (Knight, 2000), refine their positions and 
calculate the phases (Otwinowski, 1991). 
3.2.4 X-ray data collection and processing. Data were collected at 100 K, 
using crystals that had been transferred to cryobuffers and flash frozen. For collection 
of the SeMet and pH 5.8 native data, the cryobuffer was 0.1 M cacodylate, pH 5.8, 
40% (w/v) PEG-8K, 2.5 mM MnSO4, 2.5 mM TMP. For collection of the pH 8.5 data 
sets, crystals of £ 186 that had been grown at pH 5. 8 were serially transferred three 
times into drops of 0.1 M HEPES, pH 8.5, 40% (w/v) PEG-8K, 2.5 mM MnSO4 , 
2.5 mM TMP. The crystals were isomorphous in space group P4 1212 with unit cell 
dimensions a= 60.8, c = 111.1 A. Statistics that summarise data collection are given in 
Table 3 .2. A MAD experiment was conducted at three wavelengths on the Se Met 
derivative crystal at the BioCARS beamline BM14D of the Argonne Advanced Photon 
Source, Chicago, USA. The crystal diffracted to 1.8 A. Data from crystals of native 
protein at pH 5.8 and 8.5 were collected at the PIP beamline, BM30A, at the European 
Synchrotron Radiation Source, Grenoble, France. The crystals at pH 5.8 diffracted to 
1. 7 A and that at pH 8. 5 diffracted to 1. 8 A. 
For heavy atom derivatives, the cryobuffer was 0.1 M cacodylate, pH 5.8, 40% 
(w/v) PEG-8K. The data were collected at 100 K using the modifications to our in-
house Rigaku Raxis-IIC detector described by Carr et al. (1996) with a rotating anode X-
ray generator producing CuKa radiation at 5 kW. Refinement statistics are not shown 
for heavy metal derivatives. 
3.2.5 Structure solution and refinement. 3.3.2 The space group was 
determined as following: The calculation of phases by the MIR method limited the cell 
to space groups 92 or 96. This was accomplished while determining the heavy metal 
sites and the effect of the space group on the figures of merit and phasing power. 
Finally, the space group 96 was eliminated by determination of the positions of the Se 
atoms in the SeMet derivative. 
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Crystal and X-ray energy Resolution Reflections % Complete <Ila> Rscale * 
range (A) (total/ unique) 
SeMet 
E = 12.653 ke V (peak) 50-1.8 517715 / 19776 98.4 14.9 0.056 
(1.86-1.8 1898 96.8 0.142) 
E = 12.651 keV (inflection) 50-1.8 517646 / 19750 98.2 18.3 0.043 
(1.86-1.8 1909 97.4 0.102) 
E = 12.951 keV (remote) 50-1.8 512268 / 19707 98.0 16.0 0.051 
(1.86-1.8 1873 95.6 0.133) 
Native, pH 5.8 
E = 12.658 keV 50-1.7 423356 I 22532 94.9 9.0 0.049 
(1.76-1.7 1813 78.0 0.152) 
Native, pH 8.5 
E = 12.658 keV 50-1.8 362893 I 20091 99.7 6.8 0.041 
(1.86-1.8 1920 98.4 0.204) 
Table 3.2: Summary of data collection at synchrotron sources. 
* Rscale = (Il(I - <I> )1)/(II), where <I> refers to the average intensity of multiple 
measurements of the same reflection. 
MAD data were used first to solve the structure of the SeMet derivative. The 
CCP4 suite of programs (CCP4, 1994) was used to calculate Patterson and anomalous 
Patterson Fourier maps (Ten Eyck, 1973), to locate four of the five Se atoms (Knight, 
2000) and to refine their positions and phases (Otwinowski, 1991). The phases were 
improved using solvent flattening, histogram matching and skeletonisation with the 
program dm (Cowtan, 1994). The resulting electron density maps were of excellent 
quality and the protein chain could be readily identified except for five residues at the 
N-terminus and six at the C-terminus. An initial model constructed automatically using 
the programs ARP /w ARP (Lamzin and Wilson, 1993) was inspected manually on a 
graphics terminal using the program O (Jones et al., 1991) and found to be satisfactory. 
Additional density showed the presence of a TMP molecule and two Mn(II) ions in the 
active site. These were added to the model and automatic water picking and initial 
refinements were carried out using CNS_SOLVE (Brunger et al., 1998). Water molecules 
with B-factors in excess of 60 A 2, or which were not within H bonding distance of either 
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a protein atom or another water molecule were rejected. Initial R / Rfree values ( defined 
as in Table 3.3) of 0.280 / 0.313 were reduced to 0.200 / 0.226 after rounds of positional 
refinement, simulated annealing and individual B-factor refinement, interspersed with 
manual rebuilding of the model. There was some residual density in both the F0 - Fe and 
2F0 - Fe electron density maps, into which attempts were made to fit various molecules: 
phosphate, Tris, NO3-, HEPES, and ethylene glycol. Eventually three molecules of 
ethylene glycol were added to the model. Attempts to add atoms with electron densities 
greater than those in the second row of the periodic table yielded negative F0 - Fe 
density in subsequent difference maps. Additional positive F0 - Fe density indicated the 
possibility of an alternate conformation of the TMP molecule but no attempt was made 
to refine the alternate conformations for the SeMet derivative. 
The structure of the native protein at pH 5.8 was refined using the SeMet-
derived model until convergence using the program CNS_ SOL VE. The final R / Rfree 
values were 0.201 / 0.234, using the same set of test reflections as the SeMet study. 
Side chain density was not observed for Arg42, Glu71, or Lys158, and these were built 
as alanines. Following observation of pH-dependent differences in electron density 
maps of the active site, two alternate conformations of the TMP molecule and 
configurations of the Mn2+ -coordinated water molecules were refined. By comparing the 
refined temperature factors for a range of occupancies, it was determined that the 
occupancies of the two configurations were ,__,0.15 and ,__,0.85 at pH 5.8, where the lower 
occupancy structure at pH 5.8 is the only one observed at pH 8.5. 
The structure of the native protein at pH 8.5 was refined using the same SeMet-
derived model. The third ethylene glycol molecule was not fitted because the electron 
density around its position indicated the presence of a second TMP molecule (Figure 
3.10a). There was good density for the sugar moiety. The phosphate appeared to exist 
in at least three alternate conformations and the base also appeared disordered. The Rfree 
value increased when refinements were performed with the second TMP molecule in the 
model. It was therefore excluded from subsequent rounds of refinement. 
Both native structures exhibited good stereochemistry when checked using the 
programs PROCHECK (Laskowski et al., 1993) and WHAT_CHECK (Hooft et al., 
1996). All indicators were either inside the normal range or better, with an overall G-
factor of +0.4 from PROCHECK. 
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3.3 Results 
3.3.1 Preliminary NMR structural study. A study with unlabelled £ 186 
showed that the protein could be concentrated to > 2 mM in 10 mM sodium phosphate 
pH 6.5, 0.2 mM DTT, 2.5 mM MgC12, 0.2 M NaCl. Samples used for preliminary 
NMR experiments indicated that £ 186 behaved as a monomer even at these 
concentrations, was well-structured, and that there were very few mobile residues. 
However, it showed a pronounced tendency to aggregate at elevated temperatures; a 
heavy precipitate appeared within minutes at temperatures above 35 CC, and within 
24hat20CC. 
Following preparation of a 2.2 mM sample of 15N-labelled £ 186 in a similar 
buffer, a 15N-HSQC spectrum showed good dispersion in the amide NH region 
(Figure 3.3), consistent with the protein being structured and containing substantial 
amounts of ~-sheet structure. The protein contains 184 backbone and 19 side chain 
amides. About 200 amide resonances were resolved in the 15N-HSQC spectrum 
(Figure 3.3). 1H NMR linewidths of the amide protons were about 35--45 Hz at 10 CC, 
which suggested £ 186 to be a monomeric globular domain. A series of narrow resonances 
(< 20 Hz) were sequentially assigned using a homonuclear TOCSY experiment (Briand 
and Ernst, 1991) and a 3D NOESY- 15N-HSQC (tm = 100 ms) experiment (Talluri and 
Wagner, 1996) to mobile residues at the N- and C-termini of £186, specifically to 
residues Ala4 to Thr6, and Gly181 to Ala186. The 1H NMR resonances of the side 
chains of these residues were observed at random coil chemical shifts in the TOCSY 
experiment, which was recorded at 25 CC (cf Miles et al., 1997). Nevertheless, long-
range NOEs to other unidentified protons were observed in the 3D NOESY- 15N-HSQC 
spectrum with the sidechains of Ile5 and Glnl 82, which suggested that these residues 
are not entirely mobile. We concluded from these experiments that the structured core of 
the N-terminal domain of £ comprised residues 5 to 182, and this was subsequently 
confirmed (proudly) by crystallography. 
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Figure 3.3: 600 MHz 15N-HSQC spectrum of 15N-£186 in phosphate buffer, pH 6.5, 
recorded at 10 °C. Narrow resonances originating from mobile residues at the termini of 
the protein are identified with their assignment. 
Primarily because of the necessity under these buffer condition to work at low 
temperature, it will be difficult to complete NMR resonance assignments. In order to 
understand the difficulties of solving the structure of £ 186 by NMR method, it is 
appropriate to discuss the methodology that DeRose et al. (2002) employed to generate 
a reasonable NMR structure of £ 186. To overcome the problem of E 186 being unstable 
for long-term NMR measurements and to allow data to be collected at higher 
temperatures, these workers screened for conditions under which £ 186 was stable. Two 
optimal conditions were found: at very low salt concentrations and at high 
concentrations of Tris (pH 7.0). At low salt concentration, while £186 did not 
precipitate, it underwent significant structural changes. In 1 M Tris buffer, the protein 
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was sufficiently stable to allow NMR measurements to be made at 20 °C. However, the 
use of 1 M Tris effectively increased the rotational correlation time of the protein. To 
obtain analysable data, DeRose et al. (2002) had to combine the use of a high buffer 
concentration with [2H, 13C, 15N]-triple labelling and selective labelling with amino acids 
with deuterated sidechain methyl groups. Finally, a decent model for the structure of 
£ 186 was generated by integrating the incomplete NMR data with modelling, where 
neither was sufficient by itself. 
However, we anticipate that knowledge of the crystal structure of £ 186 could 
now help us to assign at least half of the resonances in the 15N-HSQC spectrum under 
the conditions of our data collection, by use of a novel structure-based assignment 
protocol (G. Otting, unpublished results). The availability of partially-assigned NMR 
data will then be useful in determining regions of£ that interact with DNA as well as 
with 8 and other subunits of Pol III. 
3.3.2 Crystal structure of £186. The crystals of £ 186 and its SeMet 
derivative that diffracted to 2.0 A with our in-house modified Rigaku Raxis-IIC detector 
( Carr et al. 1996) and to 1. 7-1. 8 A at synchrotron sources, were grown at pH 5. 8 in the 
presence of 2.5 mM TMP and 2.5 mM Mn2+. The crystal habit was that of a tetragonal 
prism (Figure 3.2) with space group P41212. 
We attempted to use three general approaches to calculate the phases and 
determine the crystal structure of£ 186: molecular replacement with known structures of 
related 3'-5' exonucleases, multiple isomorphous replacement (MIR) and multiple 
wavelength anomalous diffraction (MAD). Molecular replacement failed and use of the 
MIR method was not successful due to lack of isomorphism in the derivatives 
(Table 3 .1 ). The structure was eventually determined using phases calculated by the 
MAD method. These three approaches will be discussed briefly . Ill 
Sections 3 .3 .2.1- 3 .3 .2.3. 
3.3.2.1 Phase calculation by molecular replacement. The structure of 
£ 186 was expected to be related to those of 3 '-5' exonucleases like the proofreading 
domain of DNA polymerase I (Ollis et al., 1985), but the use of known structures as 
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models for solution of the structure of£ 186 by molecular replacement was unsuccessful. 
This is not extraordinary since sequence identity with any protein whose structure is 
solved, beyond the ExoI and ExoII motifs described above, is virtually undetectable. 
However, after the crystal structure of £ 186 had been determined, it was nevertheless 
found to have a similar fold to those of the exonuclease domains of replicative DNA 
polymerases (as discussed below). We also discovered after the completion of the 
structure of £ 186 that it is remarkably similar to part of E. coli exonuclease I, whose 
structure was published while this work was in progress (Breyer and Matthews, 2000). 
It would be very surprising if the exonuclease I structure did not provide a good enough 
model for molecular replacement, but I have not attempted this experiment. 
3.3.2.2 Phase calculation by multiple isomorphous replacement. Several 
derivative crystals were prepared which showed good indications of the incorporation 
of heavy metal atoms (Table 3.1). These indications varied from physical ones (such as 
damage to the crystal, colour changes, or changes in diffraction resolution limit) to, more 
importantly, statistical differences in diffraction indicated by high Rmerge values 
(Table 3 .1 ). These crystals had similar unit cell dimension and identical space group. 
Although there was this significant difference between the native and heavy metal 
derivative crystals with apparent conservation of isomorphism, the expected difference 
was weak in the Patterson and anomalous Patterson Fourier maps (in the case of 
CH3HgCl and Na2IrC16) and almost undetectable in the others. This might have been due 
to differences between the cryo- and crystallisation buffers, since the cryobuffer 
containing the metal complexes solution had neither Mn2+ nor TMP, which might have 
caused constructive small changes leading to an effect on the overall isomorphism of the 
crystals. However, having Mn2+ and TMP in the heavy metal cryobuffer did not 
overcome this problem. 
Using data from the CH3HgCl and Na2IrC16 derivatives, four heavy metal sites 
were identified and refined. The phasing power and figure of merit from the two 
derivatives were 1.51 and 0.65, respectively, at 2.0 A. Despite these reasonable values, 
the calculated phases were only good enough to generate an electron density map with a 
resolution of 3 .5 A. The electron density was discontinuous and only 50% of a 
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polyalanine model was fitted before the phase improvement became insignificant with 
successive model building. As a result, apparent lack of isomorphism limited our use of 
the MIR method to solve the crystal structure of£ 186. 
3.3.2.3 Crystal structures of sl 86 by multiple wavelength anomalous 
diffraction. Crystals of SeMet-£186 at pH 5.8 and native £186 at pH 5.8 and 8.5 
diffracted to 1.7-1.8 A at synchrotron sources (Table 3.2). The atomic structure of the 
£ 186 complex with two Mn(II) ions and TMP was first solved at a resolution of 1.8 A 
in space group P41212 using phases obtained from MAD data (Table 3.3) collected with 
the SeMet derivative. This structure was then used as a model to determine the 
Statistic 
Refinement 
Resolution range (A) 
Reflections in working set ( completeness, % ) 
Reflections in test set ( completeness, % ) 
R* 
Rfree 
* 
Number of protein atoms 
Number of solvent molecules 
Number of TMP molecules 
Number of ethylene glycol molecules 
Number of Mn atoms 
Rms deviation from target bonds 
Lengths (A) 
Angles(°) 
B factors ( A2) 
Average 
Minimum 
Maximum 
Ramachandran plot statistics (%) 
Most-favoured regions 
Additionally allowed regions 
Generously allowed 
Disallowed regions 
Native, pH 5.8 
50-1.7 
21278 (89 .9) 
1179 (5.0) 
0.201 
0.234 
1361 
224 
1 (2 conformers) 
3 
2 
0.006 
1.339 
23.62 
11.55 
69.10 
92.3 
7.7 
0 
0 
Native, pH 8.5 
50-1.8 
18705 (93.1) 
1021 (5.1) 
0.199 
0.227 
1361 
228 
1 
2 
2 
0.005 
1.265 
16.41 
5.75 
59.08 
92.3 
7.7 
0 
0 
Table 3.3: Refinement structure statistics and quality of models for the structures of 
native £186 at pH 5.8 and pH 8.5. 
*R and Rfree = (IIF obs - F calcl)/(IF obs). Rfree was calculated using 5% of the data not 
included in the refinement. 
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Figure 3.4: Structure of the N-terminal domain of the £ (Pol III) proofreading 
exonuclease. (a) Comparison of the sequence and secondary structure of £ 186 (DnaQ) 
with that of the nuclease domain of E. coli exonuclease I (ExoI; PDB code 1 FXX; 
Breyer and Matthews, 2000). Structure-based sequence alignment was carried out using 
56 
Chapter 3 
DALI (Shindyalov and Bourne, 1998). Loops are shown in yellow, B-strands are in 
green, and a- and 310-helices are in red and blue, respectively. Strictly conserved active-
site residues in the ExoI, ExoII and ExoIII£ motifs (marked) are shaded in blue, other 
identical residues in black, and other conserved residue types in grey. (b) Stereo plot of 
the Ca backbone of £ 186. Spheres are drawn every 10 residues for reference. Drawn 
with MOLSCRIPT (Kraulis, 1991). (c) Schematic diagram of £186. This view is 
identical to that in (b) and the Figure was drawn using Ribbons (Carson, 1991). 
structure of the native protein using crystals that had been soaked in buffers containing 
Mn2+ and TMP at pH values of 5.8 (1.7 A resolution) and 8.5 (1.8 A resolution; 
Table 3.3). In all three structures, electron density was continuous from Arg7 through 
Glyl 80; the first five and last six residues were apparently disordered in the crystal, as 
might have been anticipated from the NMR studies that showed precisely the same 
residues to be in flexible regions of the structure in solution (Section 3 .3 .1 ). Side-chain 
density was observed for all except three surface residues, Arg42, Glu71 and Lys158. 
3.3.3 General description of the structure of £186. The £ 186 exonuclease 
domain is folded into an a/B structure with an open twisted mixed ~-sheet of five 
strands (BI-BS; Figures 3.4 and 3.5a). Strand B2 is antiparallel to the other strands. The 
substrate-binding site is clearly identified in the structures at both pH 5.8 and 8.5 by the 
presence of a binuclear Mn(II) centre and bound product and competitive inhibitor, 
TMP (Miller and Perrino, 1996; Section 4.3.3). It is located in a large cavity on one side 
of the central sheet, bound by two loops containing a-helices. The first loop includes 
al and a2, while the second includes the three C-terminal helices a5, a6 and a7. 
Helices a3 and a4 are located on the other side of the central sheet. This topology is 
similar to that seen in all other structurally-characterised DNA polymerase proofreading 
domains (Figures 3.5 and 3.6). 
The exonuclease active site is formed primarily by residues in the pocket 
between the B 1 edge of the longer extension of the sheet (B 1-B3) and the two helices a3 
and a7. The conserved carboxylate residues in the ExoI, ExoII and ExoIII£ sequence 
motifs are located in BI, a3 and a7, respectively (Figure 3.4a). There are further 
interactions with residues at the C-terminal end of the long loop between a6 and a 7 
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Figure 3.5: Comparison of topology and structure of the £ 186 domain with those of 
some other DnaQ superfamily members. Left: Schematic representations of the 
topologies of the 3 '-5' exonuclease domains of (a) the £ subunit of Pol III (associated 
with a Pol C family polymerase), (b) E. coli exonuclease I (PDB code 1 FXX; residues 
10-199; Breyer and Matthews, 2000), ( c) RB69 DNA polymerase (1 CLQ; Pol B 
family; residues 109-339; Wang et al., 1997), (d) T4 DNA polymerase (lNOY; Pol B 
family; residues 107-336; Wang et al., 1996), (e) Thermococcus gorgoniriuos (1 TGO; 
Pol B family; residues 137-327; Hopfner et al., 1999), (f) Archaeon D.Tok (1D5A; 
Pol B family; residues 136-381; Zhao et al., 1999), (g) Klenow fragment of Pol I 
(lKRP; Pol A family; residues 330-516; Brautigam and Steitz, 1998a), and (h) 
bacteriophage T7 DNA polymerase (1 T7P; Pol B family; residues 2-21 O; Doublie et al., 
1998). The colour code for secondary structure elements is as in Figure 3.4. Right: 
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Figure 3.6: DnaQ family members whose structures have been determined by X-ray 
crystallography. Comparison of the sequences of conserved secondary structural 
elements of E (DnaQ) with that of the nuclease domain of E. coli exonuclease I (Exol; 
PDB code lFXX; Breyer and Matthews, 2000; see also Figure 3.4) and the exonuclease 
domains of DNA polymerases of: phage RB69 (RB69; PDB code 1 CLQ; Wang et al., 
1997), phage T4 (T4; lNOY; Wang et al., 1996), Thermococcus gorgonirius (Tgo; 
1 TGO; Hopfner et al., 1999), archaebacterium Desulfurococcus strain Tok (D.Tok; 
1D5A; Zhao et al., 1999), Klenow fragment of E.coli Pol I (KF; lKRP; Brautigam and 
Steitz, 1998a), phage T7 (T7; 1 T7P; Doublie et al., 1998). Structure-based sequence 
alignment and the colour code for secondary structure elements are as in Figure 3.4. 
Conserved active site car boxy lates and histidine or tyrosine residues in the Exol, Exoll, 
and Exolll ( or ExolllE) motifs (marked) are shaded in blue. The sequences shown of the 
exonuclease domains are those that align with DnaQ secondary structure element (i.e., 
the insertions at the start and the C-terminal extensions of the proteins are not shown); 
numbers indicates the positions of first residues of the secondary structural elements in 
the protein sequences. The topology diagrams, structures and exact starting and ending 
residues of these exonuclease domains are shown in Figure 3.5. Exonuclease domains of 
two other archaeon DNA polymerases (Thermococcus sp. 9°N-7; PDB code 1 QHT; 
Rodriguez et al., 2001 and Pyrococcus kodakaraensis Kod 1; PDB code 1 GCX; 
Hashimoto et al., 2001) are not shown, but they are very close to that of archaeon 
D.Tok. The top two proteins are from the DnaQ-H subfamily; the others are in the 
DnaQ-Y subfamily. 
(i.e., His162), and the bound nucleotide lies across the face of al. A notable feature is 
that the C-terminal helix ( a7) is markedly shorter in E 186 than the corresponding helix 
in other structurally-characterised proofreading domains (Figures 3.5 and 3.6). Except 
for the pH-dependent variations in the structure of the active site that are described in 
detail below, there was no significant difference between the experimentally-determined 
structures at pH values of 5.8 and 8.5. 
3.3.4 Structure of the active site. While protein side chains and the two 
metal ions in the active site at the two pH values occupy nearly identical positions, the 
two structures differ in the way the 5 '-phosphate of TMP and water molecules 
coordinate to the two Mn(II) ions (Figures 3.7a and b). In the experimentally-
determined structure at pH 5.8, the electron density of the TMP and these coordinated 
water molecules contained contributions from two partially-occupied structures, the 
dominant contribution came from what is described here as the low-pH structure ( ,__,85% 
occupancy), while there was a lesser contribution (,__, 15%) from the high-pH structure 
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Figure 3.7: Structures of the active sites of £186 and other exonuclease domains. (a) and 
(b) Low- and high-pH structures, respectively, of the active site of £ 186. The two 
Mn(II) ions, MnA and MnB are shown (in orange) coordinated to the 5 '-phosphate of 
TMP. The remainder of the TMP molecules are omitted for clarity (but see Figures 3 .8 
and 3 .9). Coordinated water molecules are represented by red spheres. ( c )-(i) 
Comparative structures of the 3'-5' exonuclease active sites of exonuclease I (PDB code 
lFXX; Breyer and Matthews, 2000), RB69 DNA polymerase (lCLQ; Wang et al., 
1997), T4 DNA polymerase (lNOY; Wang et al., 1996), Thermococcus gorgoniriuos 
(1 TGO; Hopfner et al., 1999), Archaeon D.Tok (1D5A; Zhao et al., 1999), Klenow 
fragment of Pol I (lKRP; Brautigam and Steitz, 1998a), and bacteriophage T7 DNA 
polymerase (1 T7P; Doublie et al. , 1998). 
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TMP(1 )-pH 5.8 TMP(1 )-pH 8.5 
Figure 3.8: Structures of the well-structured TMP molecule in the active site region of 
E 186. Metal ions are shown as spheres labelled A and B. (a) OMIT (Bhat, 1988) 
electron density map ( contoured at 3 a) corresponding to the active-site TMP molecule 
in the experimentally-determined structure of the E 186-Mn(II)2-TMP complex at 
pH 5.8. Electron density was modelled as containing contributions from two alternate 
conformers (shown). The minor conformer (,__,15%) was identical to that seen as the only 
one in the high-pH structure [see (b)], while the major conformer (,__,85%) was 
designated as that in the "low-pH structure" of the E 186 complex. (b) OMIT electron 
density map ( contoured at 3 a) for the active-site TMP molecule in the structure of the 
E186-Mn(I1)2-TMP complex at pH 8.5, shown with the modelled structure of the 
(single) conformer of TMP observed at this pH, which was thus designated as that in 
the "high-pH structure". 
(Figures 3.7a and 3.8a). At pH 8.5, the high-pH structure was the only one observed 
(Figures 3.7b and 3.8b). 
The two Mn(II) ions are 3.7 A apart in both structures (Figure 3.7a and b), and 
are bridged by the side chain of Asp 12 from the ExoI motif. In both the high- and low-
pH structures, one of the 5 '-phosphate oxygens of TMP also bridges between the two 
Mn(II) ions. The "inner" Mn(II) ion (MnA) has 5-coordinate approximately trigonal 
bi pyramidal geometry, and is bound to two additional protein ligands, the side chains of 
Glu14 (in the ExoI motif) and Asp167 (in ExoIIIE). In the low-pH structure, the fifth 
ligand is another of the TMP 5 '-phosphate oxygens, while at high pH, a coordinated 
water molecule occupies a near-identical position. 
The second Mn(II) ion (Mn8 ) has nearly perfect octahedral geometry in both 
structures. In the low-pH structure (Figure 3.7a), it has four water molecules as ligands, 
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two of which are hydrogen bonded to Asp 103 (Exon motif), and the bridging 
carboxylate and TMP-phosphate oxygens. In the high-pH structure (Figure 3.7b), one 
of the water ligands is replaced, in near-identical position, by another of the 5 ' -
phosphate oxygens of TMP. 
In the low-pH structure, protonated His162 is hydrogen bonded to the TMP 5'-
phosphate oxygen that is coordinated to MnA, while in the high-pH structure it is 
deprotonated and is within H bonding distance of the MnA-coordinated water ( or 
hydroxide ion) that occupies the equivalent position. In the hydrolysis reaction under 
optimum pH conditions, this coordinated water molecule is likely to be the nucleophile, 
and His162 the general base that deprotonates it (see Discussion). 
3.3.5 Interaction with TMP. The TMP molecule is oriented in the active site 
through several hydrophobic and H bonding interactions. Its 5 '-phosphate oxygens are 
coordinated to two Mn(II) ions, which are oriented in the active site via their 
coordination with carboxylate residues (Figures 3.7a and b). Although the TMP 5'-
phosphate is coordinated to the two metal ions in different ways depending on pH 
(Figures 3. 7 a and b ), the deoxyribose and thymine rings are in essentially identical 
positions in the two structures (Figure 3.8). The deoxyribose moiety is stacked against 
the Phel 02 ring on one side and its 3 '-OH is H bonded to the backbone carbonyl oxygen 
and amide proton of Thr 15 and the imidazole N6H of His66 (Figure 3 .9). The thymine 
base is sandwiched in a pocket that is closed on both sides. Its N3 proton is H bonded 
to the carboxylate of Glu61 and there are hydrophobic interactions between its ring and 
the side chains of Metl 8 on one side and Val65 on the other (Figure 3.9). There is, 
however, no apparent steric impediment to binding of natural bases other than thymine 
in this nucleotide-binding pocket. Indeed, the structures of the active site of £ with 
dGMP, dCMP and dAMP confirm this (see Chapter 5 for details). In the experimental 
structure at pH 8.5, a second somewhat disordered TMP molecule (Figure 3.10a) was 
also present in the active site cavity, positioned such as to occupy the likely position of 
the penultimate nucleotide of a single-stranded DNA substrate (see Section 3.3.6). 
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His66 
Val65 
I 
12.7 
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Figure 3.9: Interactions of TMP with the active site of £186 (high-pH structure). 
Metal ions are shown in orange. The Figure was drawn using Ribbons (Carson, 1991). 
The residues that bind to the metal ions and to the 5 '-phosphate group are not shown 
for clarity, but they are shown in detail in Figures 3.7a and b. 
3.3.6 A model for interaction of £186 with DNA. Extra electron density near 
the TMP molecule bound in the active site was observed in the structure of the native 
protein at pH 8.5. It was found to correspond to a disordered TMP molecule, where the 
sugar moiety fitted well to this "extra density" while the phosphate group appeared to 
exist in at least three alternative conformations and the base appeared to be disordered 
(Figure 3.10a). The TMP molecule built into the "extra density" was in a perfect 
position to represent the penultimate nucleotide of a DNA substrate. This observation 
encouraged us to build a model for DNA interaction with E 186. A satisfactory model 
was produced very simply by aligning the positions of carboxylates in the active site of 
E 186 with those of corresponding residues in the structure of the ternary complex of the 
Klenow fragment of Pol I in the editing mode (Beese et al. , 1993b). This alignment 
placed the DNA in the active site of£ 186 without further manipulation (Figure 3.1 la). 
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(b) 
TMP(2)-pH 8.5 dNMP(2) Pol model 
Figure 3.10: Extra electron density in the position of the penultimate nucleotide. (a) 
OMIT map (contoured at 1 o) showing additional electron density in the neighbourhood 
of the active site in the structure of the E 186-Mn(II)2-TMP complex at pH 8.5. This 
density is probably that of a second TMP molecule in the position that would be 
occupied by the penultimate dNMP of a DNA substrate [see (b)]. The model for the 
structure of TMP is one of several alternate conformers that appear to exist under these 
conditions (Section 3.2.5). (b) OMIT map showing the additional density, as in (a), 
overlaid on the modelled structure of the penultimate deoxyguanosine 5 ' -
monophosphate (dGMP) in a DNA molecule bound at the active site of the 3'-5' 
exonuclease domain of DNA polymerase I (PDB code lKLN; Beese et al., 1993b). The 
structure of E 186 at pH 8.5 and that of a complex of DNA with the Klenow fragment of 
Pol I (Beese et al., 1993b) were aligned on the basis of positions of active-site 
carboxylate residues (Figure 3.7) as described in Figure 3.6, to give the indicated 
position and orientation of the "penultimate" dGMP residue (without any further 
manipulation). 
Additionally, the penultimate nucleotide from the modelled DNA was in a position that 
fitted the observed extra density in the native structure of E 186 at pH 8.5 (Figure 1 Ob). 
Most interestingly, the modelled DNA maintains proper ionic and H-bonding 
interactions with residues in E as shown in Figure 3 .11 a. The penultimate nucleotide is 
oriented by a series of hydrophobic and H-bonding interactions. Its sugar stacks against 
the side chain of Phe 102 while its base interacts with the side chain of Met 18. It should 
be noted that the sidechains of Phe 102 and Met 18 are involved in similar interactions 
with the terminal mismatched nucleotide (Figure 3 .9), which suggests that they could be 
involved in disrupting the stacking of the mismatched nucleotide and positioning it in 
the active site away from the rest of the DNA. The sugar moiety and the base of the 
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£186 DNA complex 
11 Model 11 
Arg142 
.oA Arg135 ~~--
;s.sA 
dsDNA 
Arg455 
dsDNA 
51-phosphate 
Kienow fragment 
DNA complex 
11 Experimental 11 
51-phosphate 
Figure 3.11: A structural model for the complex of DNA with the £ proofreading 
subunit of DNA polymerase III. Structures of£ 186 and a DNA complex with the 3 '-5' 
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exonuclease domain of DNA polymerase I (PDB code lKLN; Beese et al., 1993b) were 
aligned as described in Figure 3.5 (cf Figure 3.10b). Coordinates for the DNA fragment 
were then simply superimposed on the structure of E 186, without further manipulation, 
to produce the model shown. (a) and (b) represent the DNA interactions with E and 
DNA polymerase I, respectively. The interactions with the terminal mismatched 
nucleotide are not shown for clarity (see Figure 3.9 for details of the interaction of TMP 
with E). 
penultimate nucleotide both form H bonds with the sidechain of Asn99, while its 
phosphate group is held in position by His98 (Figure 3.1 la). The third nucleotide 
makes relatively less contact with the protein. Its phosphate group is H bonded to the 
side chain of Arg135. As is the case with Pol I (Beese et al., 1993b), this model shows 
that three nucleotides at the 3' end of a primer-template need to melt in order for the 
terminal nucleotide to reach the active site of E to be hydrolysed (Figure 3 .12). In 
comparison with the DNA complex of Klenow fragment in the editing mode, the melted 
three nucleotides make equivalent interactions with E (Figure 3 .11 ). However, one main 
difference between the Pol I- and £186-DNA complexes is that in E, two basic residues 
(Arg142 and Lys141) are in potential positions to interact with the double-stranded 
part of the DNA (Figure 3.11), suggesting a stronger grip on the DNA in the case of E. 
3.4 Discussion 
Structures of the exonuclease domains of several DNA polymerases from the 
Pol A and Pol B families have been determined (Figure 3.5). Separate structural 
alignment of E 186 with each of them showed that, despite having low sequence identity, 
all of the proteins fold into similar structures. All have a central 5-stranded B-sheet 
(Bl-BS in Figure 3.5) with identical topology, and a long C-terminal helix (a7) that 
packs against it. These features can be aligned closely: the rms deviation in positions of 
Ca atoms in (B 1-B5) in pairwise comparisons is less than 2.5 A. Superimposition of 
the structures using the positions of conserved residues in the active site (Figure 3. 7) as 
reference points aligns these and many other structural features (Figure 3 .5). Of these 
proofreading enzymes, the 3'-5' exonuclease domain of Pol I (Figure 3.5g) has the 
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Figure 3.12: A structural model for the complex of DNA with the £ proofreading 
subunit of DNA polymerase III. The model was produced as described in Figure 3.11 
(a) Electrostatic surface potential of £186 at neutral pH, calculated using GRASP 
(Nicholls et al., 1991 ). Active-site Mn(II) ions were included in the calculation, but the 
TMP molecules were not. The 3 '-mismatched DNA duplex is shown. Pol I requires that 
three base pairs melt at the end of a duplex to allow the terminal nucleotide access to the 
active site. This model suggests the same is likely true for £. (b) Schematic 
representation of the model, in the same orientation shown in (a). The TMP molecule at 
the active site of£ 186, shown in blue, defines the position of the 3 '-terminal nucleotide 
of a DNA substrate. Drawn using Ribbons (Carson, 1991). 
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highest sequence and structural similarity to E 186: overall sequence identity is 16.4% 
and the rms deviation in positions of Ca atoms in (~ 1-~5) and a7 is 2.3 A. 
While E 186 shows this degree of similarity to the exonuclease domain of Pol I, 
its overall structure is even more similar to that of the catalytic domain of E. coli 
exonuclease I (Figure 3.4a), the only other member of the DnaQ-H family whose crystal 
structure has been reported (Breyer and Matthews, 2000). The two enzymes have 
identical topology (Figure 3.5a and b), except for the residue 19-23 loop (Figure 3.4a) in 
E 186 which does not appear in exonuclease I and occurs inconsistently among other 
proofreading exonuclease domains in this family (Figure 3.1), and the residue 147-160 
helix extension and loop in exonuclease I that does not exist in the proofreading domains 
(Figure 3.4a). Their structures align (Figures 3.5a and b) with a rms deviation of 
positions of corresponding Ca atoms of 1.8 A. This conservation of structure is notable 
since sequence identity in a structure-based alignment (Figure 3.4a) is only 20.9%. 
While some of the residues shared by exonuclease I and E 186 are those that are 
conserved among all DnaQ superfamily members, e.g., the four active-site carboxylates 
(Asp 12, Glu14, Asp103 and Aspl67 in E), there are others (like Glyl 7, Pro54, Leu145 
and His162 in E) that appear to be conserved just among members of the DnaQ-H 
family (Figure 3.1). As discussed below, Hisl62 probably acts as a general base to 
deprotonate the active-site nucleophile, while Glyl 7, Pro54 and Leu145 would seem to 
have important roles in maintaining the structure of the hydrophobic core 
(Figure 3.13a). 
Beyond the structural conservation apparent between E and exonuclease I, there 
are also indications that the polymerase-associated proofreading domains in the DnaQ-
H family have even greater similarity of structure. Conserved among their sequences 
(Figure 3 .1) is a further series of predominantly hydrophobic residue types (i.e., Thr 16, 
Ile30, Ile31, Leu52, Ile68, Leu73, Val 82, Val96, His 98, Metl 07, Leul 48 and Ile 170 in E) 
in two distinct regions of the hydrophobic core (Figure 3.13b). Ala164 (in E) is also 
conserved as either Ala or Gly, and it occupies a site at the rear of the active site 
(Figure 3.13b). Of these 12 residues, only four (Ile68, Val96, Leu148 and Ala164) are 
present in the same positions in exonuclease I (Figure 3 .4a). 
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The structures of the 3'-5' exonuclease active sites of £186, Pol I and other 
enzymes in this class are remarkably similar (Figure 3. 7), despite the fact that £ and the 
corresponding domains of bacteriophage T4 and T7 DNA polymerases are intrinsically 
at least two orders of magnitude more active than Pol I (Donlin et al., 1991; Capson et 
al., 1992; Reddy et al., 1992; Johnson, 1993; Miller and Perrino, 1996). Indeed, given 
the much higher polymerase activity of Pol III and the phage polymerases, it would be 
surprising if they had not evolved to have significantly more efficient exonucleases. 
(a) (b) 
Figure 3.13: Location in£ of residues conserved within DnaQ-H family. (a) Active site 
carboxylates conserved among DnaQ superfamily members (Asp12, Glu14, Asp103 
and Asp 167) are shown in grey and those conserved among DnaQ-H family members 
(His 162, Glyl 7, Pro54 and Leu145) are shown in black. TMP is shown in black (stick). 
(b) Hydrophobic type residues conserved only among polymerase-associated proof-
reading exonucleases in the DnaQ-H family. Ala164 is shown in silver, TMP is shown 
in black stick. The conserved predominantly hydrophobic residues (Thr16, Ile30, Ile31, 
Leu52, Ile68, Leu73, Val82, Val96, His98, Met107, Leu148 and Ilel 70) are shown in 
black. 
Alignment of the active sites of the proofreading domains superimposes many 
residues associated with substrate binding, catalysis and metal binding in a satisfactory 
manner (Figure 3. 7), indicating conservation of enzymic mechanism. The four active-site 
carboxylates in £ 186 are located in secondary structural elements similar to those in the 
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exonuclease domains of the other polymerases (Figure 3.6). Moreover, the binuclear 
metal centres ( when they have been seen in crystal structures) can also be aligned in 
near-identical positions (Figure 3.7). 
Nevertheless, the active site of £ 186 has structural differences that may 
contribute to its higher activity in comparison with the 3'-5' exonuclease of Pol I. Most 
important is the substitution of the highly-conserved active-site tyrosine in enzymes of 
the DnaQ-Y family (Tyr497 in Pol I; Derbyshire et al., 1991; Blanco et al., 1992) with 
histidine in the DnaQ-H family (His 162 in £; Figure 3 .2). In £ and exonuclease I, this 
histidine is in the a6-a7 loop rather than in the C-terminal helix, which is thus 
substantially shortened. The position of His 162 in £ is remarkably similar to that of 
His 181 in exonuclease I (Figures 3. 7 a and c ), and the presence of this residue in this 
position and shortening of the C-terminal helix (Figures 3.5 and 3.6) are likely to be 
common defining features ofDnaQ-H family members. 
While these similarities among structures of active sites of the exonuclease 
domains suggest a common phosphodiester bond cleavage mechanism (Freemont et al., 
1988; Derbyshire et al., 1988; Joyce et al., 1988; Beese and Steitz, 1991; Derbyshire et 
al., 1991 ), the interactions between the metal ions and the oxygen atoms of the reactive 
5 '-phosphate in Pol I are still debated and most of our understanding of it comes from 
the use of phosphorothioate substrates (Brautigam and Steitz, 1998a; Brautigam et al., 
1999). There has been some uncertainty about the mechanism of the 3'-5' exonuclease 
of Pol I because it has not been possible to structurally characterise a complex of the 
enzyme with a natural substrate at this site and locate the nucleophile under conditions 
where the enzyme is active. While the structure of £ 186 in a complex with an 
oligonucleotide substrate has yet to be determined, we do now have the structure of its 
complex with TMP at a high pH value where the enzyme shows maximum activity, and 
this structure shows important features that lead to conclusions about its mechanism of 
action. 
Inspection of the low- and high-pH structures of the active site (Figures 3.7a and 
b, respectively) indicates that pH-mediated interconversion between them could occur 
by reversible nucleophilic addition of a Mn(II)-coordinated water molecule from the 
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back face of the TMP 5 '-phosphorus centre, resulting in inversion of stereochemistry 
about the phosphorus atom (Figure 3.14). The pH dependence of the structure would 
thus be determined primarily by the state of protonation of the imidazole of His 162. 
That the experimentally determined active-site structure at pH 5.8 contains an ,__, 15% 
contribution from the high-pH structure (Figure 3.8a) suggests that under the conditions 
of crystallography, the pKa of His162 in the TMP complex is about 6.5. This 
hypothetical water exchange reaction provides a good conceptual framework for 
understanding the mechanism of £-promoted phosphodiester cleavage at high pH 
(Figure 3 .15). 
£186 
high pH 
., 
' 
' ) 
£186 
low pH 
-I , ., r 
J • 
, - J \ 
,. ., 
.. ., 
, 
., 
, 
, 
J \ 
His162 
Figure 3.14: Hypothetical water exchange reaction at the active site of£. pH-mediated 
interconversion between the high- and low-pH structures could occur by reversible 
nucleophilic addition of a Mn(II)-coordinated water molecule from the back face of the 
TMP 5 '-phosphorous, resulting in inversion of the stereochemistry about the 
phosphorous atom. The active site structures at high- and low-pH in this Figure are 
presented as described in Figure 3.7. 
The high-pH crystal structure of the TMP complex (Figure 3.7b) shows the 
deprotonated imidazole of His 162 H bonded to the MnA -coordinated water molecule: 
we suggest this structure mimics the active site in the Michaelis complex (Figure 3 .15a). 
His 162 is in an excellent position to act as a general base to deprotonate the coordinated 
water to generate coordinated hydroxide, which is well-established in model and 
metalloenzyme chemistry to be a powerful intramolecular nucleophile (Dixon and 
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Figure 3.15: Proposed mechanism of phosphodiester bond cleavage by the £ 
proofreading subunit of DNA polymerase III. Metal ions are shown as circles labelled A 
and B. (a) Model for the enzyme-substrate complex. (b) Model for the first-formed 
enzyme-product complex. The proposed sequence is as follows. (i) The substrate is 
bound as modelled by the high-pH structure of the £ 186-Mn(II)r TMP complex 
(Figure 3.7b). (ii) His162 acts as a general base to deprotonate the Mn8 -coordinated 
water. (iii) The product Mn8 -coordinated OH- nucleophile attacks the coordinated 
phosphodiester, to produce a five-coordinate phosphorane intermediate ( or transition 
state). (iv) The phosphorane is further deprotonated by Glu14, acting as a second 
general base. (v) This second deprotonation drives collapse of the phosphorane to 
products, with concerted elimination of the deoxyribose 3 '-oxygen of the penultimate 
nucleotide. (vi) This sugar 3 '-OH leaving group is protonated by a general acid, 
probably one of the MnA-coordinated water molecules that is hydrogen bonded to 
Asp 103. (vii) The immediate deoxynucleoside monophosphate product is coordinated 
in a manner modelled by the low-pH structure of the £186-Mn(II)rTMP complex 
(Figure 3.7a). 
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Sargeson, 1983; Wilcox, 1996). Back-side attack of the nucleophile and inversion about 
phosphorus via a trigonal bipyramidal transition state or intermediate (Knowles, 1980; 
Gupta and Benkovic, 1984) stabilised by both metal ions would result in expulsion of 
the leaving group (the 3 '-OH of the polynucleotide product). The immediate enzyme-
dNMP product complex (Figure 3 .15b) would have a structure essentially identical to 
the low-pH structure of the E 186-TMP complex (Figure 3.7a). This is the first time a 
complex with this structure has been characterised with a proofreading exonuclease. The 
position of the oxygen atoms on the 5 '-phosphate is different in the low-pH E 186 
structure (Figure 3.7a) from that in Pol I-TMP structures at pH 5.8 (Beese and Steitz, 
1991) and 7.0 (Brautigam and Steitz, 1998a). In fact, the phosphate group orientation in 
the Pol I-substrate complexes (Beese et al., 1993b; Brautigam and Steitz, 1998a) is 
similar to that in our high-pH structure. However, the nucleophilic water molecule was 
not seen. 
Although both metal ions collaborate in binding and orienting the reactive 
phosphate group, they otherwise have quite distinct roles (Figure 3 .15). Mn A acts to 
provide a high local concentration of a powerful nucleophile ( coordinated OH-) at near-
neutral pH. The pH-rate profile for hydrolysis of pNP-TMP by £186 at 25 °C shows a 
very simple dependence of kcat on a single group with a pKa value of 7.7, active in its 
deprotonated form, such that activity reaches a maximum at pH values above 8.5 (the 
mechanism of pNP-TMP hydrolysis by Eis discussed in detail in Chapter 4). Since the 
pKa of Mn(II)-coordinated water in Mn(H20)/+ is r-.J l 0.6 (Basolo and Pearson, 1968), it 
is very likely that this kinetically-determined pKa is that of His162 in the Michaelis 
complex with pNP-TMP. As noted earlier, His162 in the TMP complex has an 
observed pKa of r-.J6.5 under the quite different buffer conditions of E 186 crystallisation 
( and data collection), and there was no evidence of it being partially protonated in the 
experimental structure at pH 8.5. In this situation the pKa of His162 is clearly lowered 
by its H-bonding interaction with the 5'-phosphate of TMP (Figures 3.7a and b). 
Thus, it seems very likely that the role of the imidazole of His 162 is to promote 
deprotonation of the MnA-coordinated water. The two carboxylate oxygens of Glul 4 
also have distinct roles, wherein one serves as a ligand of MnA, while the other is 
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H bonded to the coordinated nucleophile. We suggest that this residue facilitates further 
deprotonation of the five-coordinate phosphorane (intermediate) to drive its collapse to 
products (Figure 3.15a). An alternate possibility is that Glu14 serves to orient the 
nucleophile, as proposed for the equivalent residue (Glu357) in Pol I (Derbyshire et al., 
1991; Beese and Steitz, 1991; see further discussion in Chapter 4 ). 
The pH dependence of the 3'-5' exonuclease activity of Pol I is qualitatively 
similar to that of E 186 acting on pNP-TMP (Section 4.3 .4). Its activity is relatively 
constant at pH values above ,_,10, increasing some 45-fold between pH 7.5 and 10.2. 
Activity appears to depend on a group with pKa near 9.8 that is proposed either to be a 
Mg(II)-coordinated water molecule or Tyr497 (Derbyshire et al., 1991 ). It is likely that 
substitution of His 162 in E for Tyr497 in Pol I accounts for dependence on a group with 
a lower pKa. Because histidine is a much more effective general base than tyrosine at 
lower pH values, it is tempting to suggest that this also accounts for the much higher 
activity of E. However, comparisons of this type are not straightforward because the 
influence of other interactions with DNA substrates in and around the active site cannot 
be assessed in the absence of high-resolution structures of complexes of E with such 
substrates. 
We now tum to the role of the other metal 10n, Mn8 . It is less extensively 
coordinated to protein ligands than is MnA. Whether it binds in the E active site in the 
absence of substrate is a question whose answer requires further experimentation. One 
of its roles in the proposed mechanism is to coordinate the reactive phosphate group, 
orienting it and withdrawing electrons from the phosphorus centre to activate it towards 
nucleophilic attack, stabilising the developing negative charge in the transition state. A 
second function is to coordinate the 3 '-phosphate oxygen of the substrate, assisting it to 
leave (Figure 3 .15a). There are three lines of evidence for the latter role. The first is that 
it gives rise to the observed low-pH structure of the £186-TMP complex (Figure 3.7a), 
which would thus be similar to the first-formed product of the reaction (at higher pH) as 
shown in Figure 3 .14b. The second is that the 3 '-OH of the leaving deoxynucleotide is 
coordinated to metal ion B in structures of oligonucleotides bound at the exonuclease 
site of Pol I (Beese et al., 1993b; Brautigam and Steitz, 1998a; Brautigam et al., 1999). 
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The third derives from the observation in the crystal structure at pH 8.5 of a second 
(partially-disordered) TMP molecule in the vicinity of the active site (Figure 3.10). The 
3 '-OH of the deoxyribose of this second TMP molecule is in a sensible position for the 
DNA leaving group, as assessed by its proximity to the 5'-phosphate of the 
coordinated (product) TMP, and it is almost within bonding distance of Mn8 . 
The roles of the two Mn(II) ions in the mechanism, where one activates the 
nucleophile and the other the electrophilic centre and leaving group, have ample 
precedent in model studies with substitution-inert metal complexes and in the chemistry 
of other metallo- and metal-activated-enzymes (Dixon and Sargeson, 1983). 
Collaboration of two metal ions in this way was first proposed for the binuclear Ni(II) 
enzyme urease in 1980 (Dixon et al., 1980), and variations on this mechanism have since 
been suggested for many binuclear metallohydrolases (Wilcox, 1996) including not only 
the 3'-5' exonuclease of Pol I (Beese and Steitz, 1991), but also alkaline phosphatase 
(Kim and Wyckoff, 1991) and ribonuclease H (Goedken and Marqusee, 2001). 
A further difference between the structures of the TMP complexes of the 3 '-5' 
exonuclease of Pol I and £ is the presence of an extra H bond between the imidazole of 
His66 and the deoxyribose 3'-OH of TMP in £186, along with the Thr15 backbone 
interactions that are seen in the other proofreading exonucleases (Figure 3.9). This 
suggests that £ may be better able to discriminate against modified terminal nucleotides. 
In£ 186, there is also a H bond between the protonated base ring nitrogen (N3) and the 
carboxylate of Glu61 (Figure 3 .9). Glu61 is conserved among the proofreading subunits 
of DNA polymerases from the Pol C family (9 out of 13 sequences with the highest 
similarity to £ have it; Figure 3 .1 ). Although identical residues in similar positions to 
Thr15 and His66 are present in the structure of exonuclease I, there is no carboxylate 
corresponding to Glu61 (Breyer and Matthews, 2000). Additionally, a carboxylate in 
this position is not seen in any of the other polymerase-associated exonuclease 
structures (Figure 3.6). In fact, Glu61 is in a part of helix al that does not exist in DNA 
polymerase-associated proofreading domains from the Pol A and Pol B families 
(Figure 3.6). However, in the structure of the T4 DNA polymerase in complex with 
DNA and metal ions, Lysl 19 is H bonded to the C6-carbonyl oxygen of TMP (Wang et 
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al., 1996) and may serve a similar purpose. A similar interaction is not detected in any 
form in the ternary complexes of DNA polymerase I or RB69 DNA polymerase in the 
editing modes. 
This interaction of Glu61 with TMP may explain why in the case of E, the four 
different dNMPs have different kinetic parameters for inhibition, and are hydrolysed 
from the ends of poly/oligonucleotide chains at different rates (Scheuermann and Echols, 
1984). A combination of structural and kinetic studies on the binding of E to different 
dNMPs will be discussed in detail in Chapter 5. 
The Mn(II)-bound TMP that occupies the position of the 3 '-terminal nucleotide 
at the mismatched primer terminus is enclosed snugly on one side of the active-site 
pocket where it interacts with several protein side chains as shown in Figure 3.9. By 
analogy with the structure of Pol I-DNA complexes (Beese et al., 1993b), the electron 
density corresponding to a disordered second TMP molecule (Figure 3 .1 Ob) is also in 
the active-site pocket in the position predicted for the penultimate 3 '-nucleotide of a 
mismatched primer, and its 5 '-phosphate group would then be held in place by 
interaction with the N°H of His98 (Figure 3.1 la). In fact, simple superimposition of the 
structure of the Pol I-DNA complex on the £186 structure, using the conserved features 
of the active site as points of reference, produces the model of the E 186-DNA complex 
shown in Figures 3.11 and 3.12. 
As in Pol I, it is apparent that three base pairs at the end of a paired primer 
terminus would need to melt to give the terminal nucleotide access to the active site, and 
this is consistent with studies of the rates of £-promoted cleavage of nucleotides from 
the ends of mismatched termini, and the temperature dependence of rates of degradation 
of paired termini (Brenowitz et al., 1991; Miller and Perrino, 1996). 
At the entrance to the active site ( on the upper left in the views in Figure 3 .12) 
is a cleft lined on one side by residues Lys141 and Arg142. Their side chains are in good 
positions to interact electrostatically with the phosphodiester backbone of the DNA 
strands at the end of the base-paired region of the primer-template (Figure 3.11). By 
analogy with other DNA polymerases, this surface cleft is likely to be at the end of a 
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longer channel between the polymerase (a) and editing (E) sites in Pol III. Extension of 
the template strand from its position in Figure 3.12 would allow it to interact with the 
side chain of Arg151 and Lys136 (and perhaps other basic residues across the front face 
of the molecule in the view in Figure 3 .12). This series of electrostatic interactions with 
the template strand could contribute to the processivity of Pol III holoenzyme. While it 
has been observed that E increases not only the fidelity of the holoenzyme, but also its 
processivity (Studwell and O'Donnell, 1990), there has not previously been an 
explanation for how this might be achieved. Continuous interaction of the template 
strand with the exonuclease could help guide the slippage of the holoenzyme on the 
template necessary for it to advance a mispaired primer terminus from the polymerase 
active site to that of the exonuclease (See discussion in Section 1.3 .2). 
The 8 subunit of Pol III is a small protein comprised essentially of three a-
helices (Keniry et al., 2000; Figure 3 .16). It forms a stable complex with E 186 (Perrino et 
al., 1999; Hamdan et al., 2000), and is proposed to exert a modest influence on DNA 
binding by E (Keniry et al., 2000). Its structure is reminiscent of that of the small C-
terminal domain (residues 420-4 77) of exonuclease I (Breyer and Matthews, 2000; 
Figure 3.16), which interacts in that enzyme with the B3-al loop and al and a2 
helices of the N-terminal exonuclease domain (see Figures 3.4a and 3.5b). We note that 8 
could interact with the corresponding region of E 186 ( circled in Figure 3.12a). 
Modelling of the DNA from the ternary complex of DNA polymerase I in the 
editing mode (Beese et al., 1993 b) into the structure of exonuclease I based on alignment 
of active-site carboxylate residues (as done with £186) places the DNA in the 
orientation shown in Figure 3.16. As expected, the orientation of the modelled DNA in 
the case of exonuclease I is similar to that for E 186 (Figure 3.12b ). However, the 
distance between the small C-terminal domain of exonuclease I and the modelled DNA 
shown in Figure 3 .16 is quite long (14 A), suggesting that if 8 does occupy this position, 
it would probably be too far away to influence DNA binding. Future studies of the 
structure of the complex of E with 8 will be required to comment on this speculation. 
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Figure 3.16: A structural model for the complex of DNA with E. coli exonuclease I and 
structural similarity of its C-terminal domain with 8. It is proposed that the 8 subunit 
occupies a similar position in the £·8 complex to that of the C-terminal domain of 
exonuclease I. This model has been generated as described for E in Figure 3 .11, except 
that exonuclease I (PDB codes lFXX; Breyer and Matthews, 2000) was used instead. 
The small C-terminal domain (residues: 420-4 77) of exonuclease I is shown in grey and 
the 8 subunit of DNA Polymerase III holoenzyme is shown in cyan (PDB code 1 DU2; 
Keniry et al., 2000). 
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It should also be noted that exonuclease I hydrolyses ssDNA, and a DNA-
binding model proposed by Breyer and Matthews (2000) suggested that the DNA 
enters the active site from the direction opposite to that shown in Figure 3.16, where it 
binds in a positively-charged groove between the exonuclease domain (shown in 
Figure 3.16) and a SH3 domain (not shown). 
3.5 Conclusions 
In this study, I have reported the three-dimensional structure of an enzyme that 
serves to maintain the integrity of the chromosome during DNA replication in E. coli. 
The E subunit of Pol III uses its 3'-5' exonuclease activity to edit nucleotides 
misincorporated by the associated 5'-3' polymerase (a subunit). The crystal structure 
of the domain of E that bears the exonuclease active site is the first of a proofreading 
domain of a replicative polymerase in the Pol C family, and the first of an editing 
domain in the DnaQ-H subfamily. The overall structure and the active site show strong 
similarities with the corresponding domains in DNA polymerase I and other 
polymerases in the Pol A and Pol B families, which is indicative of general conservation 
of mechanism throughout evolution. Nevertheless, there are unique features that may 
contribute to E being considerably more active than Pol I. In particular, the general base 
at the active site is a histidine rather than tyrosine side chain. Structures of the E 186-
Mn(II)2-TMP complex determined at pH values of 5.8 and 8.5 showed differences in 
the way water molecules and TMP are coordinated to the binuclear metal centre. The 
high-pH structure appears to mimic the enzyme-substrate complex, while the low-pH 
structure seems to provide a good model for the structure of the first formed enzyme-
product complex. On this basis, we have advanced an hypothesis for the mechanism of 
E that is consistent with all current knowledge. 
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Hydrolysis of the 
5 '-p-Nitrophenyl Ester of TMP 
by the c Subunit of Pol III 
Chapter 4 
4.1 Introduction 
The exonuclease activity of£ and other proofreading exonucleases has usually 
been monitored using radiolabelled ssDNA and matched or mismatched primer-template 
substrates (Scheme 4.1; Scheuermann and Echols, 1984; Maki and Kornberg, 1987; 
Brenowitz et al., 1991; Derbyshire et al., 1991; Thompson, 1992; Miller and Perrino, 
1996; Perrino et al., 1999). As an alternative approach to understanding the fine details 
of the mechanism of action of £, we investigated the use of a non-canonical nucleoside 
5 '-phosphodiester substrate, the p-nitropheny 1 ester of thymidine 5 '-monophosphate 
(pNP-TMP; Scheme 4.2). Because hydrolysis of pNP-TMP to p-nitrophenol and TMP 
can be monitored spectrophotometrically, it also provides a continuous, convenient and 
reproducible assay to measure rates of nucleoside phosphodiester hydrolysis by £. 
Furthermore, hydrolysis of such a small compound should not be influenced by the 
extensive interactions in and around the active site expected for polynucleotide 
substrates. Thus, comparison of its enzyme-catalysed hydrolysis with that of DNA 
substrates should allow the contributions of these more extensive peripheral interactions 
to be separated from those due to the active-site residues that actually participate in the 
chemistry. 
Single-stranded 5'* AAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
Paired 5'*T T T T T T T T T T T T T T T 
3' A A A A A A A A A A A A A A A AAAAAAAAAA 
Mispaired substrate 
/(*C)n 
5' TTTTTTTTTTTTTTT 
3' A A A A A A A A A A A A A A A AAAAAAAAAA 
Scheme 4.1: Oligonucleotide substrates typically used for kinetic studies of£. Labelling 
of these substrates was done either at the 5 '-end by [ y-32P]ATP and polynucleotide 
kinase or at the 3 '-end by [3H]dCTP and terminal transferase. 
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In this study, I used the pNP-TMP assay (Thompson, 1992) to confirm 
previous results, in particular that the N-terminal domain of E is responsible for the 
exonuclease activity. It was further shown that although the thermal stability of E 186 is 
increased very substantially by formation of its complex with 8, the complex is just a 
little less active in pNP-TMP hydrolysis than E 186 alone. Hydrolysis rates were also 
dependent on the presence of metal ion cofactors such as Mn 2+ and Mg2+, and were 
inhibited by TMP, a nucleotide product of the exonuclease reaction. I also examined the 
pH dependence of Michaelis-Menten parameters for the E 186-catalysed hydrolysis of 
pNP-TMP. These data, in conjunction with the crystal structures of the active site in 
complex with two Mn(II) ions and TMP at low and high pH (Section 3.3.4; Hamdan et 
al. 2002a), provide interesting insights into the mechanism of substrate hydrolysis by£. 
0 
• • 
ENZ-8 
Scheme 4.2: Hydrolysis of pNP-TMP to TMP and p-nitrophenol, promoted by the E 
subunit of DNA polymerase III. 
Use of pNP-TMP as a substrate for full-length E was first reported by 
Thompson (1992), and this work was extended by Yang (1998) and Crowther (2002). 
Most of the work reported in this thesis uses E 186 as the enzyme, because it is soluble 
on overproduction in E. coli and is therefore prepared more easily and reliably than the 
full-length E (Chapter 2). Comparative data for full-length E is also reported here; data 
are similar to those reported earlier (Thompson 1992; Yang, 1998; Crowther, 2002). 
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4.2 Materials and methods 
4.2.1 Protein expression and purification. Details of the construction of 
plasmids that direct expression of E and E 186, as well as the procedures for the isolation 
of purified samples of E, E 186, 8 and the E 186·8 complex, and their physical 
characterisation by SDS-PAGE and ESI-MS, are given in Chapter 2. As judged by these 
analyses, E 186 and the E 186·8 complex were obtained in highly-purified form, while the 
sample of E was contaminated to the extent of about 20% by other proteins (see 
Figure 2.3). Concentrations of freshly-dialysed purified samples of E, E 186, 8, and the 
E 186·8 complex were determined spectrophotometrically at 280 nm, using c280 = 12090, 
6400, 8250, and 14650 M-1cm-1, respectively (Gill and von Hippel, 1989). Samples for 
assays were diluted when necessary in 20 mM Tris·HCl, pH 7.6, 2 mM DTT, 0.5 mM 
EDTA, 10% w/v glycerol (buffer C) containing 0.1 M NaCl. 
4.2.2 Reagents. The sodium salts of pNP-TMP and TMP were used as 
received from Sigma Stock solutions were prepared in 50 mM Tris·HCl, pH 8.00, 
150 mM NaCl and stored frozen in small aliquots at -20 °C. Their concentrations were 
determined spectrophotometrically, using E270 = 16250 M-1cm-1 for pNP-TMP (Smith 
and Khorana, 1963) and c267 = 9600 M- 1cm- 1 for TMP. Reverse phase HPLC using an 
analytical C 18 column was used to show that stocks of pNP-TMP were not 
contaminated by TMP (< 0.1 %). Columns were developed at 1 mL/min using a linear 
gradient of 10-70% methanol in 50 mM sodium acetate buffer, pH 5, over 20 min. 
TMP, pNP-TMP, and p-nitrophenol eluted in that order, and were well separated (not 
shown). The HPLC was done in collaboration with Mr James Kelly. 
4.2.3 Spectrophotometric activity assays. The activities of samples of E, 
E 186, and E 186·8 were determined spectrophotometrically by monitoring production of 
p-nitrophenolate anion produced by hydrolysis of pNP-TMP at 420 nm (Scheme 4.2), 
using a Cary model 1 spectrophotometer with the cuvette chamber thermostatted at 
25 °C. For routine assays, a stock solution of pNP-TMP was diluted with assay buffer 
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(50 mM Tris·HCl, pH 8.00, 150 mM NaCl, 1 mM DTT, to 970-980 µL) to a final 
concentration of 3.0 mM in a 1-mL quartz cuvette. Following equilibration at 25 °C, 
solutions of MnCb (10 µL) and enzyme (10-20 µL) were added to give final 
concentrations of 1 mM and 100--400 nM, respectively. The solution was quickly and 
thoroughly mixed with a bent glass rod, and changes in A420 were followed over several 
minutes. Routine assays were generally carried out in duplicate, and initial rates ( v0) 
were estimated as tangents to curves of A 420 vs time at zero time, using the Cary-WinUV 
software (v.2.00). Rates of pNP-TMP hydrolysis were calculated using a value of 
12950 M- 1cm-1 for £420 of p-nitrophenol at pH 8.00 (see also Section 4.2.4 and 
Figure 4.1 ). 
The dependence of v0 on [enzyme] ([E]0) was determined for concentrations of 
£ 186 in the range 0-700 nM, under routine assay conditions. Estimates of Michaelis-
Menten parameters were obtained from data measured at [pNP-TMP] ([S]0) in the range 
0.2-5.2 mM where [Mn2+] = 1 mM, and [S]0 = 1.5-12 mM where [Mg2+] = 12 mM. 
Values of KM and kcat were generally calculated by linear least-squares analysis of 
Hanes-Woolf plots ([S]of v0 vs [S]0). The effect of divalent metal ions on the rates of 
reactions was studied with [Mg2+] = 0.5-12 mM and [S]0 = 12 mM, or 
[Mn2+] = 0.05-1.2 mM with [S]0 = 3.0 mM. Product inhibition by TMP was studied 
by varying [S]0 (0.4--4.2 mM) at each [TMP] 0 (0-8 µM), with [Mn2+] = 1 mM. In this 
case, values of K i for TMP inhibition and KM and kcat for substrate hydrolysis were 
obtained from a global non-linear least-squares fit of data to equations describing 
competitive inhibition, using the program Dynafit (Kuzmic, 1996). 
Thermal stabilities of £ 186 and the £ 186·8 complex were measured as follows: 
enzyme samples (32 and 13 µM, respectively) m assay buffer containing 
100 µM MnC12 were treated at various temperatures between 35.0 and 59.5 °C for 
exactly 10 min, then cooled in ice. Samples (10 µL) were taken and residual activities 
were determined by assay under the routine assay conditions. 
4.2.4 pH-dependence of pNP-TMP hydrolysis by E186. Values of kcat and KM 
at each pH value were determined essentially as above from assays carried out at 
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appropriate concentrations of£ 186, at 25 °C in 50 mM buffer solutions (Na·MES, 
pH 6.52, or Tris·HCl, pH 7.01-8.95) containing 150 mM NaCl, 1 mM DTT and 1 mM 
MnSO4, except that 3 mM MnSO4 was used at pH 6.52. For assays at each pH value, a 
stock solution of pNP-TMP (227 mM, in 150 mM NaCl) was first diluted 5-fold in the 
particular assay buffer, and then suitable volumes of this solution were used to give [S]o 
in the range 0.4-4.2 mM. The absence of buffer catalysis was established in preliminary 
assays at two or more different buffer concentrations. Concentrations of p-nitrophenol 
were determined using £420 = 14365 M-1cm-1 for p-nitrophenolate anion and the 
measured pKa = 7 .04 for p-nitrophenol under these conditions (Figure 4.1 ). 
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Figure 4.1: Spectrophotometric determination of the pKa of p-nitrophenol under 
conditions of the assay. p-Nitropheny 1 acetate ( ,__, 7 .2 mM) was completely hydrolysed 
in 10 mM NaOH. The sample was then diluted 100-fold in the appropriate buffer 
(50 mM Na·MES pH 6.11 and 6.58, 50 mM Tricine pH 7.0-8.21 , or 50 mM CAPS pH 
9.65, each containing 150 mM NaCl). The solid line was calculated based on titration of 
a single ionisable group with pKa = 7.04. 
4.3 Results 
4.3.1 Hydrolysis of pNP-TMP by e, e186 and E186·0. Initial spectro-
photometric experiments by Thompson (1992) established that £ and a proteolytic 
fragment close in size to £ 186 (Hamdan et al., 2000) could both promote release of p-
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nitrophenol from the substrate pNP-TMP, and stoichiometric quantities of the products 
TMP and p-nitrophenol were separated and identified by HPLC, as described in 
Section 4.2.2 (Crowther, 2002). This suggests the mechanism of cleavage (Scheme 4.2) 
mimics the natural reaction promoted by E, where the TMP moiety is a 3 '-mismatched 
terminal nucleotide, and the leaving group p-nitrophenolate substitutes for the remainder 
of the polynucleotide chain (Scheme 4.3). The rate of change of A420 was used to 
determine the initial velocity of the hydrolysis reaction ( v0). In general, the rates 
decreased significantly with time (Thompson, 1992; Crowther, 2002). Most likely, this 
reflects inhibition of the enzymes by the strongly-binding product inhibitor TMP 
(Section 4.3.3). Initial rates estimated simply from tangents to the curves at zero time 
were reproducible to within ± 5%. 
Scheme 4.3: Hydrolysis of a mismatched terminal base promoted by the E subunit of 
DNA polymerase III holoenzyme. 
In preliminary studies using full-length E as enzyme (Thompson, 1992), it was 
firstly shown that the initial rate of £-catalysed pNP-TMP hydrolysis (at a particular 
substrate concentration) reached a maximum at a pH value around 8. Although initial 
rates at pH 8 were unaffected by the buffer used (HEPES and Tris gave identical rates), 
they were stimulated about two-fold (relative to buffer alone at pH 8.0) by 0.5 M NaCl, 
and pNP-TMP hydrolysis by E was shown to be absolutely dependent on the presence 
of a divalent metal ion, Mn2+ being preferred over Mg2+ (Thompson, 1992). After 
further measurements of the dependence of rates on [pNP-TMP] 0 and [Mn2+], the 
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conditions for routine assays described in Section 4.2.3 were defined. Because full-length 
E had been purified following its refolding from solutions in 3 M guanidinium chloride 
and had limited solubility (DeRose et al., 2002), most of the studies reported here were 
performed using the isolated N-terminal domain, E 186. In contrast to E, this domain is 
isolated in good yield from the soluble fraction obtained following lysis of cells, and can 
be purified by conventional chromatographic techniques (Section 2.2.6). 
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Figure 4.2: Hydrolysis of pNP-TMP by E, E 186 and the E 186·8 complex, at pH 8.0 and 
25 °C. (a) The rate of hydrolysis of pNP-TMP as a function of £186 concentration. The 
concentration of pNP-TMP was 3.0 mM, and the concentration of MnCh was 1 mM. 
(b) Hanes-Woolf plots, normalized for values of [E]0, for the hydrolysis of pNP-TMP 
by E, E 186, and the E 186·8 complex, showing the effect of pNP-TMP concentration on 
the rate of hydrolysis (1 mM Mn Ch). The experimental data points are shown, and the 
lines were calculated using values for KM and kcat determined by linear least-squares 
analysis, as follows: E c•, KM= 0.95 mM, kcat = 148 min-1); £186 (• , KM= 1.08 mM, 
kcat = 293 min- 1); £186·8 (0, KM= 1.51 mM, kcat = 215 min- 1). 
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The initial rate of pNP-TMP hydrolysis was proportional to [ E 186]0 
(Figure 4.2a) and also [ E ] 0 (Thompson, 1992), over a 20-fold range of concentration. 
Diluted samples of £ 186 were found to be stable on storage in buffer C containing 
100 mM NaCl for longer than 12 h when kept at 0 °C. 
Initial rates of pNP-TMP hydrolysis promoted by £, £ 186 and the E 186·8 
complex were determined under standard assay conditions (with 1 mM Mn2+, pH 8.0) 
at several pNP-TMP concentrations. The linearity of Hanes-Woolf plots (Figure 4.2b) 
confirmed that pNP-TMP hydrolysis followed Michaelis-Menten kinetics for all three 
enzymes. The kinetic parameters for the hydrolysis of pNP-TMP were 
KM= 1.08 ± 0.05 mM and kcat = 293 ± 4 min- I for £ 186, and KM= 0.95 ± 0.05 mM and 
kcat = 148 ± 3 min- I for £ (Figure 4.2b ). Thus, while values of KM for the two enzymes 
were essentially identical, kcat for E 186 was about twice that for full-length £. While this 
difference is partly due to the presence of impurities in my preparation of £ ( see 
Figure 2.3), a similar difference (2.4-fold) between the two enzymes in their efficiency 
of hydrolysis of a ssDNA substrate has been noted previously (Perrino et al., 1999). 
Nevertheless, it is clear that the N-terminal domain of£ is responsible for the hydrolysis 
of pNP-TMP, as has also been observed directly for its 3'-5' exonuclease activity using 
a radiolabelled mismatched primer-template (Thompson, 1992) and a partial duplex and 
ssDNA (Perrino et al., 1999) as substrates. 
The kinetic parameters for the £ 186·8 complex (KM= 1.51 ± 0.09 mM, 
kcat = 215 ± 6 min- I; Figure 4.2b) were also similar to those for £ 186, indicating that 
complexation with 8 does not greatly affect the activity of £ 186 in this assay. 
Nevertheless, the ~25% reduction in kcat for £ 186 on formation of the complex is 
probably significant, because it was reproduced with two independent preparations of 
the complex. When quantities of £, £ 186 and £ 186·8 corresponding to identical amounts 
of pNP-TMP hydrolase activity were electrophoresed through a SDS-polyacrylamide 
gel and stained with Coomassie Blue (see Figure 2.3), the minor differences in staining 
intensity among the £ and £ 186 bands suggests that the observed differences in k cat 
probably reflect real differences in the activities of the protein preparations. 
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Although formation of the complex with £ did not greatly affect the activity of 
£ 186, it did markedly increase its thermal stability (Figure 4.3 ). The temperature at 
which 50% of the activity of the enzyme was irreversibly lost in 10 min was raised by 
some 14 QC from 43 to 57 QC by its interaction with 8. 
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Figure 4.3: Thermostability of £ 186 and the £ 186·8 complex. pNP-TMP hydrolase 
activity(% ofthat of untreated samples) remaining after treatment of£186 (• , 32 µM) 
and £186·8 (Li, 13 µM) in 50 mM Tris·HCl, pH 8.0, 150 mM NaCl, 1 mM DTT, 
100 µM Mn Ch for 10 min at various temperatures. 
4.3.2 Hydrolysis of pNP-TMP by E186 requires divalent metal ions. In 
proofreading assays using [ dA]200 · [( dT) 16-([3H]dC)6] (Thompson, 1992) and other 
substrates (Miller and Perrino, 1996), it was found that £ had an absolute requirement 
for a divalent metal ion (usually Mg2+) for phosphodiesterase activity. Thompson 
(1992) found that with pNP-TMP as substrate and £ as enzyme, rates were higher with 
Mn2+ than with Mg2+ at the same concentrations. Accordingly, I measured the rate of 
hydrolysis of pNP-TMP by £ 186 as a function of both [Mg2+] and [Mn2+], and used 
Hanes-Woolf plots to obtain estimates of kcat and Michaelis constants for the metal 
ions. For Mn2+ (with [S]0 = 3.0 mM), KMn = 0.31 ± 0.03 mM and kcat = 334 ± 9 min- 1 
(Figure 4.4a). Under similar conditions, Mg2+ could substitute, albeit poorly : with 
[S]o = 3.0 mM, KMg = 9.4 ± 1.3 mM and kcat = 11. 1 ± 0.9 min- 1 (Figure 4.4c); with 
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Figure 4.4: Dependence of£ 186-promoted pNP-TMP hydrolysis on concentrations of 
MnC12 (a) and MgC12 (b and c), normalized by values of [E]0. The solid lines were 
calculated from values of kcat and KMe derived by linear least-squares fitting of data in 
the form of Hanes-Woolf plots. (a) Mn2+, [S]0 = 3.0 mM, KMn = 0.31 mM, 
kcat = 334 min- 1. (b) Mg2+, [S]0 = 12.0 mM, KMa = 6.9 mM, kcat = 19.9 min- 1. (c) Mg2+, 0 
[S]o = 3.0 mM, KMg = 9.4 mM, kcat = 11.1 min- 1• 
91 
Chapter 4 
[S]0 = 12.0 mM, KMg = 6.9 ± 0.5 mM and kcat = 19.9 ± 0.7 min- 1 (Figure 4.4b). A study 
of the dependence of v0 on [S]0 with [Mg2+] = 12.0 mM gave KM= 4.1 ± 0.4 mM for 
pNP-TMP and kcat = 18.9 ± 0.6 min- 1 (Figure 4.5). 
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Figure 4.5: Dependence of£ 186-promoted pNP-TMP hydrolysis on [S]o, normalised 
by values of [E]o. [Mg2+] = 12 mM. The solid line was calculated as described in 
Figure 4.4 using KM= 4.1 mM and kcat = 18.9 min-1. 
Noting that KM for pNP-TMP and KMe for the metal ions were each determined 
under conditions where concentrations of the other component was subsaturating, the 
values of kcat underestimate the true maximum turnover number kcat'. I have not 
attempted at this stage to carry out a complete study of the dependence of KMn and KMg 
on [S]0, or of KM for pNP-TMP on metal ion concentrations. Given that £ purified by 
refolding after denaturation contains no metal ions (Thompson 1992) and the active site 
of£ in the crystal structure (see Figure 3.7) contains two divalent metal ions that both 
participate in substrate binding as well as its hydrolysis (see Discussion), it would be 
surprising if metal ion and substrate binding did not occur cooperatively. Nevertheless, 
estimates of maximum values of kcat' can be made on the assumption of independence of 
binding of p NP-TMP and the metal ions. For Mn 2+, these calculations give 
kcat' = 384 ± 14 min- 1 (from kcat for pNP-TMP at 1 mM Mn2+ and the value of KMn at 
[S]o = 3.0 mM), and kcat' = 454 ± 17 min- 1 (from kcat for Mn2+ at [S]o = 3.0 mM and KM 
for pNP-TMP at 1 mM Mn2+). Similar calculations for Mg2+ give kcat ' = 30 ± 2 min- 1 
(from kcat for pNP-TMP at 12 mM Mg2+ and the value of KMg at [S]o = 12 mM), and 
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kcat ' = 27 ± 2 min-1 (from kcat for Mn2+ at [S]o = 12 mM and KM for pNP-TMP at 
12 mM Mn2+). 
Thus, kcat' for Mg2+ -promoted pNP-TMP hydrolysis by £ 186 is at least 12-fold 
lower than that for the Mn2+-catalysed reaction, while Mn2+ binds 20 to 30-fold more 
avidly than Mg2+ in the Michaelis complex with pNP-TMP. On the other hand, KM for 
the substrate itself was only about four-fold lower with Mn2+ than with Mg2+. 
4.3.3 Hydrolysis of pNP-TMP by e186 is inhibited by TMP. It was known 
that the proofreading activity of£, as measured with poly( dA)· [( dT) 18-([3H]dC)2.6_2_8]n 
(Scheuermann and Echols, 1984) or ( dT) 10 (Miller and Perrino, 1996) as substrate, is 
inhibited by nucleoside 5 '-monophosphates, products of the reaction it catalyses 
(Scheme 4.3). A study of the effect of TMP on pNP-TMP hydrolysis by £ 186 in the 
presence of 1 mM Mn2+ showed that TMP also inhibits this reaction. The data could be 
fit well to equations describing competitive inhibition with kcat = 295 ± 6 min-1, 
KM= 1.20 ± 0.07 mM, and Ki = 4.3 ± 0.3 µM (Figure 4.6). The value of Ki for TMP is 
thus almost 300-fold lower than KM for pNP-TMP under these conditions. It is also 
about 120-fold lower than the Ki value determined previously using a DNA substrate in 
the presence of MgC12 at 5 mM (Miller and Perrino, 1996). While this is undoubtedly in 
part due to more avid binding of the nucleotide inhibitor to Mn2+ than to Mg2+ at the 
active site of£ 186, as is seen in the effect on KM for pNP-TMP hydrolysis with Mn2+ 
(1 mM) cf Mg2+ ( 4 mM), it is also very likely that TMP is genuinely less effective in 
competing with DNA substrates that bind through more extensive interactions in and 
around the active site. It would thus be surprising if TMP inhibition of DNA substrate 
hydrolysis were truly competitive, in the formal sense. 
4.3.4 pH-dependence of hydrolysis of pNP-TMP by e186. Michaelis-Menten 
parameters describing hydrolysis of pNP-TMP by £ 186 were determined from Hanes-
Woolf plots of data measured in buffers at several pH values between 6.52 and 8.95. It 
was not possible to extend data to higher pH because of precipitation of Mn ions. At all 
pH values, buffers contained MnSO4 at concentrations that were shown to be near-
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Figure 4.6: Competitive inhibition of E 186-promoted pNP-TMP hydrolysis by TMP. 
(a) Lineweaver-Burk plots showing TMP inhibition of the hydrolysis of pNP-TMP by 
E186 (1 mM Mn2+). Experimental points are shown: [TMP] 0 = 0 (0), 2.66 (•), 5.33 
(~), and 7.99 µM (e). (b) Dependence of least-squares slopes of Lineweaver-Burk plots 
on [TMP] 0• The lines were calculated using the values for kcat = 295 min- 1, 
KM = 1.20 mM, and Ki = 4.3 µM, obtained using a competitive inhibition model in the 
program Dynafit (Kuzmic, 1996). 
saturating. A lack of strong dependence of KMn on pH is expected from the structure of 
the active site (Figure 3.7), where all of the ligands that directly coordinate the metal 
ions are carboxy lates, which should be deprotonated over the pH range examined here. 
Measured values of KM for pNP-TMP were essentially independent of pH over the 
range studied, although the upward trend at pH> 8.5 (Figure 4.7b) may indicate a 
contribution to substrate binding by the protonated form of a strongly basic (e.g., 
arginine) residue. 
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Figure 4.7: pH-dependence of kcat (a) and KM (b) for £186-promoted hydrolysis of 
pNP-TMP at 25 °C, [Mn2+] = 1.0 mM (except at pH 6.52, [Mn2+] = 3.0 mM). The 
kinetic parameters at each pH value were determined by linear least-squares fits of initial 
rates plotted as Hanes-Woolf plots. Buffers used were 50 mM Na·MES pH 6.52, and 
50 mM Tris·HCl pH 7.01-8.95 containing 150 mM NaCl, 1 mM DTT. Standard errors 
in estimates of KM were less than± 12%, and those in kcat less than± 5%. The solid line 
in (a) was calculated according to the mechanism in Scheme 4.4, with k1 = 50 min-1, 
k2 = 400 min 1, and pKEsH = 7.75. 
Km1 k1 
EH • ESH ... E+P • 
1~pKEH 1~ pKESH 
E • ES • E+P • 
Km2 k2 
Scheme 4.4: Kinetic mechanism for hydrolysis of pNP-TMP by £ 186. 
Measured values of kcat showed a strikingly simple dependence on pH 
(Figure 4.7a), reflecting the titration of a single group with an apparent pKa of ,__ 7.7, 
active in its deprotonated form. The solid line in Figure 4. 7a represents the theoretical 
pH dependence according to the kinetic mechanism of Scheme 4.4, with k1 = 50 min-1, 
k2 = 400 min-1, and pKEsH = 7.75. An interesting aspect of this pH dependence is that 
activity does not reduce to zero at pH< 6.5. This suggests that deprotonation of the 
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group that titrates with pKa ,__, 7. 7 is not strictly necessary for activity, but contributes 
only about an eight-fold increase in kcat· An alternate possibility is that the mechanism 
of pNP-TMP hydrolysis is fundamentally different at low and high pH values. These 
aspects are considered below in a detailed discussion of the mechanism. 
4.4 Discussion 
The principal outcomes of this work are contributions to the development of a 
convenient continuous spectrophotometric assay for measurement of the activity of the 
E proofreading exonuclease (Thompson, 1992), and use of this assay to develop insights 
into how the enzyme works. The assay system, which may be more widely useful in 
studies of enzymes in this class, relies on release of p-nitrophenolate anion during £- and 
E 186-catalysed hydrolysis of the p-nitropheny 1 ester of thymidine 5 '-monophosphate 
(pNP-TMP) at pH 8.0 (Scheme 4.2). 
Having an assay that measures hydrolase activity with a small nucleoside 5' -
phosphodiester substrate at the active site of E allows us to compare its hydrolysis with 
literature data on DNA (single-stranded or mismatched primer-template) substrates, and 
to use the results of our structural studies (Chapter 3) to develop mechanistic proposals 
to explain similarities and differences. Here, we first verified that under the standard 
assay conditions, full-length E and E 186 have comparable activities (kcat and KM) in 
hydrolysis of pNP-TMP (Figure 4.2b ). This confirms that the C-terminal domain of E 
(residues 186 to 243) that interacts with a (Perrino et al., 1999; Taft-Benz and 
Schaaper, 1999) has little direct influence on the chemistry that occurs at the active site 
of£, and securely locates all residues directly involved in pNP-TMP hydrolase activity 
within the N-terminal E 186 domain. 
The isolated E 186·8 complex also catalysed the hydrolysis of pNP-TMP with 
kinetic parameters kcat and KM similar to those of E 186 itself (Figure 4.2b ); kcat under the 
conditions used was reproducibly about 25% lower than for E 186. The role of 8 in the 
Pol III core is still uncertain. It is not required for the polymerase or exonuclease 
activities of the core or holoenzyme (Maki and Kornberg, 1987; Studwell and 
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O'Donnell, 1990), and its gene could be inactivated without apparent effect on viability 
or growth of E.coli (Slater et al. , 1994). Association with 8 was shown previously to 
stimulate E two- to four-fold in removal of terminal nucleotides from primer-template or 
ssDNA substrates (Studwell-Vaughan and O'Donnell, 1993; Perrino et al., 1999). The 
present results suggest that this is probably not due to an effect on the structure of the 
active site of E, but rather to participation of 8 in a minor way in facilitating interaction 
of E with the DNA substrate. The structural model for DNA-E 186 interaction, described 
in Section 3 .3 .6 and shown in Figures 3 .11 and 3 .12, and the predicted site for E 186·8 
interaction based on structural homology to an extra domain of E. coli exonuclease I 
(Figure 3 .16; Breyer and Matthews, 2000), indicates that 8 might be involved in binding 
to the dsDNA template beyond the three melted nucleotides that interact primarily with 
E. 
The Pol III core ( a·£·8 complex) is isolable intact and appears to be quite stable 
to dissociation (Maki and Kornberg, 1987). We expected the £·8 and £186·8 complexes 
also to have low dissociation constants. It came as no surprise, therefore, that its 
interaction with 8 stabilises £ 186 against thermal inactivation to a remarkable degree 
(Figure 4.3). This is also consistent with other observations. At high concentrations in 
phosphate buffer, pH 6.5, we observed that E 186 precipitated within minutes at 35 °C, 
which made it difficult to record high-resolution NMR spectra under optimal conditions 
(Section 3.3.1; Hamdan et al., 2000). Although the 8 subunit by itself is somewhat more 
stable under such conditions, much of its structure is quite flexible (Keniry et al., 2000). 
In contrast, the E 186·8 complex is stable for at least a week at 30 °C, and preliminary 
NMR data indicate that the flexibility of 8 in the complex is much reduced (Keniry et 
al., 2000). 
The activities of polymerase-associated proofreading 3 '-5' exonucleases have 
generally been measured using ssDNA and radiolabelled matched or mismatched primer-
template substrates (Scheme 3.1). These assays are cumbersome and somewhat 
irreproducible depending on the substrate used and batch-to-batch variations. 
Availability of a straightforward continuous spectrophotometric assay overcomes many 
of these difficulties. pNP-TMP has been used previously as a substrate for other 
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phosphodiesterases (Razzell, 1963), and there has been one previous report of its 
hydrolysis by a proofreading exonuclease. In 1964, Lehman and Richardson reported its 
hydrolysis by E.coli exonuclease II (exo II, the 3'-5' exonuclease of Pol I), with 
KM= 6 mM and kcat = 3.9 min- 1, with 7 mM Mg2+ at 37 °C and pH 9.2 (where it was 
maximally active). By comparison, our results with E 186 (KM = 4 mM and 
kcat = 19 min- 1, with 12 mM Mg2+ at 25 °C and pH 8.0; Figure 4.5) indicate that it is 
probably no more than 10-fold more active in Mg(II)-dependent pNP-TMP hydrolysis 
than is exo II (Pol I), when the activity of each is measured at its optimum pH. 
For both E and Pol I, there are substantial differences between the kinetic 
parameters for hydrolysis of pNP-TMP and those for oligonucleotide substrates. For 
example, kcat values for E acting on ssDNA at pH 7.5 (5 mM MgC12) have been 
estimated at 12000 min- 1 (Miller and Perrino, 1996), while the large proteolytic 
fragment of Pol I (KP) has a kcat value on ssDNA under similar conditions of about 
50-70 min- 1 (Derbyshire et al. , 1991). For Pol I, Lehman and Richardson (1964) 
reported about 20- to 60-fold lower KM values for short oligonucleotide substrates 
[ d(pT) 0 T, n = 1-4 ], where the leaving group is a ( oligo )nucleotide 3 '-OH rather than 
nitrophenolate; values of kcat were 4- to 40-fold higher. For polynucleotide substrates, 
kcat values were similar to those with short oligonucleotides, but values of KM were more 
than 6 orders of magnitude lower, which must reflect enhanced binding of the longer 
DNA chains via the polymerase active site of Pol I. Nevertheless, with the exception of 
the latter observation, which requires comparison of Pol I with Pol III core or 
holoenzyme rather than with E alone, indications are that the active sites and 
mechanisms of action of the exo II domain of Pol I and E are similar (See Figure 3. 7), 
except that E shows considerably higher activity with DNA substrates. The higher 
activity of E in hydrolysis of DNA substrates compared with pNP-TMP will be 
discussed later. 
As for hydrolysis of DNA substrates (Lehman and Richardson, 1964; Beese and 
Steitz, 1991; Miller and Perrino, 1996) promoted by both KP and£, hydrolysis of pNP-
TMP by E 186 depended on the presence of a divalent metal ion. While E 186 appears 
more active with Mn2+ than with Mg2+ under the conditions of the assay, further work 
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is necessary to establish which of these (or other) metal ions is used in vivo and whether 
the same dependence is observed with DNA substrates. It is likely that the active site 
metal ions both exchange readily under the conditions of the assays, and we have also 
not yet determined, for example by spectroscopic, kinetic or crystallographic studies, 
whether either or both metal ions bind to £ 186 in the absence of substrates or dNMP 
inhibitors. 
The structure of KF has been determined at high resolution (Ollis et al., 1985), 
and extensive crystallographic, mutagenesis and kinetic studies have led to the proposal 
of a mechanism for its 3'-5' exonuclease reaction (Beese and Steitz, 1991; Brautigam 
and Steitz, 1998b ). In the presence of substrate, its active site (Figure 4.8) contains two 
divalent metal ions, where one (Me A) is more extensively coordinated to protein ligands 
than the other (MeB)- Both metal ions are presumably Mg2+ in most of the kinetic 
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Figure 4.8: Proposed phosphodiester bond cleavage mechanism of E. coli DNA Pol I 
(see text for details). This Figure is reproduced from Brautigam and Steitz (1998b). 
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studies, but crystal structures have Zn2+, Mn2+ or Mg2+ at the MeA site. In the 
mechanism, one phosphate oxygen atom of the substrate bridges between Me A and 
MeB, which polarizes it for in-line nucleophilic attack by hydroxide ion coordinated to 
Me A. The 3 '-oxygen of the ester coordinates to MeB in the trigonal bi pyramidal 
transition state, assisting the nucleotide 3 '-OH to leave. In the model, deprotonation of 
the Me A-bound water ( or hydroxide) is influenced by the presence, within H bonding 
distance, of the -OH group of Tyr497 (Figure 4.8). 
This general mechanism of substrate hydrolysis at a binuclear metal centre, 
where a hydroxide ion coordinated to one metal ion is the nucleophile that attacks a 
substrate activated by the other, was proposed more than 20 years ago for the nickel 
metalloenzyme urease (Dixon et al., 1980), partly on the basis of model studies of 
hydrolysis of phosphate and carboxylate esters and amides coordinated to substitution-
inert metal ions like Co(III) (Dixon and Sargeson, 1983). Variations of this mechanism 
have since been found to apply to a large class of binuclear metallohydrolases (Wilcox, 
1996). 
As revealed by the crystal structure of the £ 186-Mn(II)2-TMP complex, the 
architecture of its active site is closely related to that of Pol I and other enzymes in this 
class (see Figure 3.7), suggesting that the enzymes function by a similar mechanism. 
Catalysis by £ also involves two metal ions in a binuclear centre, and a histidine residue 
(His 162) occupies the position of the active-site Tyr497 in Pol I. The binuclear Mn(II) 
centre is coordinated to protein carboxylate ligands in the Exo I, Exo II and Exo III£ 
motifs and to the 5'-phosphate of TMP. Shown in Figure 4.9 is a proposal for the 
mechanism of hydrolysis of pNP-TMP by £ consistent with the crystal structure of the 
£ 186-Mn(II)2-TMP complex at pH 8.5 (see Figure 3.7) as well as data reported in this 
Chapter. 
As mentioned earlier, £ has higher activity in hydrolysis of DNA substrates 
compared with pNP-TMP. This is not due to its being a highly-processive enzyme, 
since when it is not associated with a in the context of the holoenzyme, £ hydrolyses 
only one (or a few) nucleotide(s) per binding event (Reems et al., 1991; Miller and 
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Figure 4.9: A proposal for the mechanism of hydrolysis of pNP-TMP by E at high pH 
(> 7). The structure of the enzyme-substrate complex (a) was modelled on the 
experimental structure (Section 3.3.4) of the cl86-Mn(II)2-TMP complex at pH 8.5 
(PDB code 1153), while that of the enzyme-product complex (c) is based on a slightly 
different view of the structure (Section 3.3.4) determined at pH 5.8 (PDB code 1154). A 
proposal for the structure of the phosphorane transition state ( or intermediate) is shown 
in (b ). 
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Perrino, 1996; Perrino et al., 1999). Moreover, since p-nitrophenol is a stronger acid 
than the 3 '-OH at the end of a polynucleotide chain (by a factor of about 107), it should 
be a very much better leaving group. Therefore, the natural DNA substrates must be 
substantially activated by a mechanism unavailable to pNP-TMP, and this would be 
true regardless of whether or not P-O bond breakage is the rate-determining step in the 
reaction. 
One source of activation of natural DNA substrates is apparent in the 
mechanism in Figure 4.9, where the p-nitrophenolate leaving group of pNP-TMP is 
shown coordinated to MnB, in the orientation required for its concerted elimination via a 
SN2 reaction at the 5 '-phosphate. The active site of £ is presumably designed to 
accommodate the deoxyribose moiety of the penultimate nucleotide in this position 
(Section 3.3.6), and there is no obvious contact that would encourage p-nitrophenol to 
occupy this site. Moreover, in parallel with its low proton affinity due to electron 
withdrawal by the p-N02 group, the oxygen atom of the ester would be expected to be a 
very feebly coordinating ligand. Thus, it is very likely that the p-nitrophenolate leaving 
group spends only a small fraction of time in the orientation required for pNP-TMP 
hydrolysis by a concerted SN2 reaction. The situation with natural polynucleotide 
substrates is very different (see Section 3.3.6). The leaving group is a long DNA strand 
which, by analogy with Pol I (Beese et al., 1993b; Brautigam and Steitz, 1998b; 
Brautigam et al., 1999), must interact extensively with other residues to position the 
leaving group precisely in an orientation that favors P-O bond breakage, and this 
orientational effect is likely to be one of the most important contributors to catalytic 
efficiency. 
The observation that Ki for competitive inhibition of£ 186-promoted pNP-TMP 
hydrolysis by the product TMP is r--.,250-fold lower than KM for substrate is also 
explained by direct coordination of the substrate (and product) to an active-site metal 
ion as shown in Figure 4.9. At pH 8, TMP is a dianion while the substrate is a 
monoanion, so the latter would be expected to bind much less avidly to the binuclear 
metal centre. This difference in Ki for product compared with KM for substrate is also 
reflected in the pKa of His 162, which is 7.7 in the £ 186-pNP-TMP complex (see below) 
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and about 6.5 in the complex with TMP under the conditions of the crystallographic 
studies (Section 3.3.4). The inhibition of Eby various other nucleotides will be discussed 
in more detail in Chapter 5. 
The most obvious difference between the active sites of Pol I and E 186 is that 
Tyr497 in the Exo III motif of Pol I is replaced by His 162 in the Exo Ille motif of E, 
where it is ideally positioned to act as a general base to deprotonate a water molecule 
coordinated to MnA (Figure 4.9). While this alone may account for the higher pNP-TMP 
hydrolase activity of E in comparison with Pol I, it is unlikely to do so in the case of 
DNA substrates because the comparably ( or more) active exonuclease domains of the 
T4 (Capson et al., 1992; Reddy et al., 1992) and T7 (Donlin et al., 1991; Johnson, 1993) 
DNA polymerases both have tyrosines at the equivalent positions (Blanco et al., 1992; 
Wang et al., 1996; Doublie et al., 1998; see Figure 3.7). On the other hand, a His162 to 
Tyr mutant of E has been isolated from a screen for mutator mutations in dnaQ (Strauss 
et al., 1997), which suggests that tyrosine and histidine are not interchangeable at this 
position in E. 
Support for the proposition that His 162, in its deprotonated form, is involved in 
£-catalysed pNP-TMP hydrolysis comes from examination of the pH dependence of kcat 
and KM (Figure 4. 7). These profiles are both apparently very simple, in accord with the 
kinetic mechanism in Scheme 4.4. We are now able to interpret these data in terms of the 
structure of the active site to develop further insights into the mechanism by which E 
promotes the hydrolysis of pNP-TMP (Figure 4.9). The crystal structures at low and 
high pH (see Figure 3.7) differ in the way TMP is bound at the active site, so that the 
high-pH structure appears to mimic the Michaelis complex (Figure 4.9a) while the low-
pH structure mimics the first-formed product (Figure 4.9c). 
Values of KM were found to be essentially independent of pH in the range 6.5 to 
8.5. Since Km 1 :::::: Km2 (Scheme 4.4), then it follows that pKEH:::::: pKEsH, so binding of the 
substrate has very little influence on the pKa of the titratable group at the active site. 
This is in accord with the mechanism, since the negative charge on the 5 '-phosphate of 
the substrate is effectively neutralised by its coordination to the binuclear metal centre. 
Above pH 8.5, there is a suggestion of an increase in KM (Figure 4. 7b ), which very likely 
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reflects the effect of deprotonation of the sidechain of Arg 159 on substrate binding. The 
guanidinium group of Arg 159 forms a water-mediated hydrogen bond with the 
phosphoryl oxygen of TMP in the crystal structure. It is proposed in Figure 4.9 to do 
likewise in the complex with pNP-TMP. 
The pH-kcat profile for Mn(II)-promoted pNP-TMP hydrolysis by E186 
(Figure 4.7a) showed an apparently simple dependence on a group with pKa = 7.7, 
which we propose to be His162 or, more precisely, the MnA-OHrHis162 array 
(Scheme 4.5b ). A most surprising aspect is that E 186 retains substantial activity 
towards pNP-TMP at low pH values where this group is fully protonated (see 
Figure 4.7a and Scheme 4.4; k1 = ,__,50 min-1 cf k2 = 400 min-1). As discussed below, this 
probably indicates a fundamental difference between the mechanisms used by E for 
pNP-TMP hydrolysis at high and low pH values. 
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At high pH values, the dependence of kcat on pH is similar to that for hydrolysis 
of oligonucleotide substrates by the 3 '-5' exonuclease of Pol I, where kcat reflects the 
ionization of a group with pKa ,__,9.8, active in its deprotonated form (Derbyshire et al., 
1991). There has been some debate whether this pKa should be assigned to Tyr497 or 
the nucleophilic MgA-coordinated water and whether Tyr497 serves as a general base or 
simply to orient the nucleophile (Freemont et al., 1988; Beese and Steitz, 1991; 
Derbyshire et al., 1991 ). Since the pKa values of tyrosine and Mg(II)-OH2 in isolation 
are similar and near 9.8, the distinction between the two possibilities reflects only the 
position of a proton between the two groups in the deprotonated active site and is not 
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meaningful or significant (Scheme 4.5a). Rather, the kinetically-determined pKa is that of 
the protonated form of the hydrogen bonded MgA-OH2-Tyr497 array, regardless of 
wherefrom the proton is actually removed. 
The same is to a lesser extent true for the protonated MnA-OHrHisl62 moiety 
in £186, where its kinetically-determined pKa of 7.7 is between that expected for an 
isolated protonated imidazole ( about 7) and Mn(II)-coordinated water ( about 9 or 1 O; 
Basolo et al., 1968). The effect of the hydrogen bond between the two groups 
(Scheme 4.5b) can be looked upon either as raising the pKa of the imidazole ofHisl62 or 
lowering that of the coordinated water. Certainly, during pNP-TMP hydrolysis, it 
would be expected that complete transfer of the proton to His 162 would create the 
MnA-coordinated hydroxide nucleophile that attacks the 5 '-phosphate of the substrate 
from the back side (Knowles, 1980), resulting in inversion about phosphorus through a 
trigonal bi pyramidal (five-coordinate phosphorane) transition state (Figure 4.9b ), 
ultimately to produce a TMP complex (Figure 4.9c) that is very similar to that seen in 
the low-pH crystal structure. The possibility that the phosphorane may be an 
intermediate rather than a transition state, with a lifetime sufficiently long to allow it to 
deprotonate and/or undergo structural changes, should not be discounted. A similar 
species has been detected as a short-lived intermediate during hydrolysis of Co(III)-
coordinated p-nitrophenyl phosphate following intramolecular attack of a cis-
coordinated hydroxide nucleophile (Jones et al., 1983). If such an intermediate were to 
rearrange before the leaving group were expelled, the requirement in a SN2 reaction for 
concerted in-line nucleophilic attack from the back side of the phosphate and 
displacement of the leaving group from the front (Knowles, 1980) could be relaxed. 
It is pertinent to consider the role of Glul4 (and the corresponding residue 
Glu357 in Pol I), one of whose carboxylate oxygens is a ligand to MnA while the other 
forms a second hydrogen bond to the nucleophilic water molecule (Figures 4.8 and 4.9). 
Mutational analysis of Pol I suggested that the role of Glu357 in Me A binding is less 
important than some other (unidentified) aspect of its function (Derbyshire et al. , 1991). 
Since it thus appears that Glu357 in Pol I does not lose too much electron density to the 
metal centre, both it and Glul4 in£ are therefore estimated to have pKa values of about 
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3--4. Now, the phosphorane transition state derived from the 5 '-phosphate of pNP-
TMP is likely to have a somewhat lower pKa than that of TMP itself (i.e., 6.5) because 
of extensive charge neutralisation by its coordination to the binuclear Mn(II) centre. I ts 
pKa is thus well-matched to that of Glu14, which is therefore likely to accept a further 
proton from the transition state ( or intermediate), driving its collapse in the direction 
that would lead to elimination of the leaving group. Because Glu 14 is such a weak base, 
the driving force provided thus to the reaction when the leaving group is p-
nitrophenolate is likely to be modest. With a poorer leaving group like a deoxyribose 3 ' -
OH, this second proton transfer is likely to be much more significant. 
Now consider the need to protonate the leaving group. Because the pKa of p-
nitrophenol is 7, there is no advantage in providing a proton source to facilitate its 
leaving at high pH. With a DNA substrate, however, a general acid would clearly be 
required to protonate the leaving polynucleotide 3 '-OH. The only appropriately-placed 
active-site acid is one of the two MnB-coordinated water molecules H bonded to 
Asp 103 (Figure 4.9). Although their pKa values will not be lowered much as a result of 
their interaction with Asp 103, they will still have very much lower proton affinities 
than the deprotonated deoxyribose 3 '-OH. 
I now tum to a consideration of the mechanism of £-promoted hydrolysis of 
pNP-TMP at (low) pH values where the MnA-OHrHis 162 array is fully protonated. I 
consider four possibilities. The first is that the mechanism remains similar to that at 
higher pH (Figure 4.9). In the absence of a base to promote its deprotonation, Mn A -
coordinated water would be far too weak a nucleophile to account for the high activity 
of£ at low pH. However, given that at low pH, it may no longer be necessary to drive 
the breakdown of the transition state through its deprotonation by the carboxylate of 
Glu 14, this group could itself act as the general base to deprotonate the coordinated 
water. However, because of its coordination to MnA, Glu14 is probably too weak a base 
to account for the high rates observed. 
The other three explanations for £-promoted hydrolysis of pNP-TMP at low pH 
involve fundamentally different mechanisms that require the substrate to bind such that 
the leaving group occupies a different position within the active site. The first of these 
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mechanisms is shown in Figure 4.10, and is the one that I prefer. The substrate is 
coordinated to the binuclear metal centre in the same way as at high pH (Figure 4.9a), 
except that the leaving group now occupies the position of the phosphory 1 oxygen. 
Asp 103 would then be appropriately placed to act as a general base to deprotonate a 
MnB-coordinated water molecule that is ideally positioned to attack the coordinated 
phosphate from the back side, resulting in inversion about phosphorus, and expulsion of 
p-nitrophenol. The leaving group could be protonated by the water molecule that is 
hydrogen bonded to Arg 159. Because it does not interact directly with MnB, the 
carboxylate of Asp103 should have a pKa high enough to allow it act as a moderately-
strong general base. Indeed, it would be better equipped than is Glu14 to act in a similar 
capacity in the first of the low-pH mechanisms considered above. I note that the 
mechanism of Figure 4.10 is related to those used by some acid phosphatases (Klabunde 
et al., 1996). 
Thymidine 
0 
His162 
Figure 4.10: A proposal for the low-pH mechanism of hydrolysis of pNP-TMP bu £. 
The remaining two, less likely, possibilities involve coordination of the substrate 
to the two metal ions in ways that resemble the initially-formed product complex at high 
pH (Figure 4.9c ), and are thus supported by the crystal structures of the TMP complex 
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at low pH values (see Figure 3.7). If pNP-TMP were to bind at low pH in the same way 
that TMP does, where one of its phosphate oxygens bridges the two metal ions while 
another is coordinated to MnA, then its hydrolysis could then occur via either of two 
alternate mechanisms that also involve a Mn8 -coordinated water molecule as 
nucleophile. The first of these is related to the reverse of that shown in Figure 4.9, 
except that the substrate must bind at low pH so that the ester oxygen of the p-
nitrophenol leaving group is coordinated to MnA. This possibility is unlikely because 
the structure shows there is insufficient space in the neighbourhood of His 162 to 
accommodate a group as large as p-nitrophenol (Figure 3. 7). 
The last possibility is a mechanism analogous to that in Figure 4.10, but with the 
phosphoryl oxygen of the substrate coordinated to MnA instead of Mn8 . Deprotonation 
of the same coordinated nucleophilic water molecule by Asp 103 would then lead to a 
phosphorane intermediate that would need now to be sufficiently long lived to undergo a 
structural rearrangement before expulsion of the leaving group. 
Although the preferred mechanism (Figure 4.10) plausibly explains the low-pH 
activity of£ on a small synthetic substrate like pNP-TMP, it is unlikely to be feasible 
with natural DNA substrates because of the more extensive contacts polynucleotide 
chains must make with residues in and around the active site (see Figure 3.11). This 
would preclude binding of the phosphate group of the terminal dNMP in the orientation 
required for the mechanism in Figure 4.10 to operate with DNA substrates at low pH. 
At the moment, there is no detailed information available on the pH dependence of 
DNA hydrolysis by£. 
In conclusion, we note that the mechanisms proposed in Figures 4.9 and 4.10 
give rise to many further hypotheses that may be tested using site-directed mutagenesis, 
structure determination, and mechanistic enzymology. For example, whether pH-
dependent differences occur in the structures of complexes of£ 186 with pNP-TMP or 
other synthetic nucleoside 5 '-phosphoester substrates and whether they might also 
occur with oligonucleotide substrates are questions that obviously require further 
investigation. 
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Inhibition of E by Deoxynucleoside 
Monophosphates 
Chapter 5 
5.1 Introduction 
The E subunit of Pol III is an enzyme which exhibits specificity in several 
different ways. It hydrolyses a mispaired 3 '-OH terminus 45-fold faster than a paired 
one (Maki and Kornberg, 1987). The polymerase a subunit stimulates the 3 '-5' 
exonuclease activity of E 37-fold on a mispaired 3 '-OH substrate and 170-fold on a 
paired one. This decreases the preferential hydrolysis of E on a mispaired 3 '-OH versus 
a paired substrate to 10-fold rather than 45-fold. It was shown that E has a weak affinity 
for both paired and mispaired 3 '-OH termini (KM> 10 µM), while the a·E complex has 
a strong affinity for both (KM= 0.38 µM; Maki and Kornberg, 1987). This suggests that 
one way that a stimulates the 3 '-5' exonuclease activity of E is to increase its access to 
the 3 '-OH terminus due to the high affinity of a for the DNA template. The stronger 
effect of a on increasing E hydrolysis activity on a paired 3 '-OH substrate compared to 
a mispaired one indicates that a destabilises the paired DNA conformation by melting 
it, which enables E then to act on both paired and mispaired 3 '-OH termini. 
The fact that E preferentially hydrolyses a mispaired 3 '-OH terminus over a 
paired one indicates that E prefers to hydrolyse ssDNA rather than dsDNA, which is 
the second aspect of its specificity. The crystal structure of E confirms this, since there 
is no room available to fit dsDNA in the active site, suggesting that E must essentially 
function as a ssDNA exonuclease (Section 3 .3 .6). 
The specificity of E toward mispaired versus paired 3 '-OH termini and ssDNA 
versus dsDNA indicates that in order for it to edit a mispaired 3 '-OH nucleotide 
generated at the polymerase active site, the DNA has to melt and be transferred to the 
exonuclease active site. The higher melting capacity of mispaired compared with paired 
substrates (Brutlag and Kornberg, 1972) is the main contributor to this step. Three lines 
of kinetic evidence are available to confirm the requirement for melting of the 
3' terminus. The exonuclease activity of E increases with temperature (from 28 °C) such 
that it has identical kinetic parameters for the hydrolysis of both paired and mispaired 
3 '-OH substrates at 37 °C, while there was no thermal effect on ssDNA hydrolysis 
(Brenowitz et al., 1991; Miller and Perrino, 1996). Secondly, there is a preference for 
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the hydrolysis of TA over GC pairs, or mispairs opposite T or A over mispairs 
opposite G or C (Brenowitz et al., 1991). Thirdly, using a partial duplex DNA 
substrate containing zero to three mispaired 3 '-OH nucleotides, it was shown that the 
rate of the hydrolysis reaction increased with the number of mispaired nucleotides 
(Miller and Perrino, 1996). The requirement for the melting step is also supported by 
our DNA model building studies, which suggested that three nucleotides need to be 
melted in order for the mispaired 3 '-OH nucleotide to reach the enzyme active site 
(Section 3.3.6). 
It has not been established yet if the melting step is promoted by a or by £. 
However, the larger stimulation of the 3 '-5' exonuclease activity of E on a paired 3 '-OH 
substrate compared to a mispaired one in the presence of a indicates some involvement 
of a in melting the paired substrate (Maki and Kornberg, 1987). This requirement for a 
melting step, along with the proposed model for DNA partitioning between the 
polymerase and the exonuclease active sites, is a good way to explain how 
polymerisation and hydrolysis are coordinated during elongation of DNA by Pol III 
holoenzyme (more details were discussed in Sections 1.3.2 and 1.3.3). 
A third aspect of the specificity of E is its inhibition by dNMPs, the products of 
the reaction it catalyses (Scheuermann and Echols, 1984 ). On a mispaired 3 '-OH 
substrate, the preferential inhibition of the hydrolysis rate was in the order 
dGMP > dAMP ~ TMP > dCMP (Scheuermann and Echols, 1984). The 3'-5' exo-
nuclease of Pol I is the only proofreading activity of a DNA polymerase for which 
inhibition by dNMPs has been well studied. Pol I has been shown to have preferential 
binding in the order dAMP > dGMP > TMP > dCMP (Que et al., 1978). 
The fourth aspect of the specificity of E is its poorer ability to hydrolyse 
ribonucleotides when they are substituted for deoxyribonucleotides. The effect of the 
mismatched nucleotide ribose on the activity of E showed the following trends in 
hydrolysis rate: 3'-deoxyribose > 2',3'-dideoxyribose > 2'-deoxyribose ~ ribose (Griep 
et al., 1990). Therefore, the substitution at the 3' position has the largest effect, 
suggesting an important interaction at this position. In contrast with E, the substitution 
of deoxyribonucleotides with ribonucleotides at the 3 '-OH terminus had no effect on 
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hydrolysis rates by other DNA polymerases including Pol I and those from phages T 4 
(T4 Pol) and T7 (T7 Pol; Lin et al., 2001). Substitution of the penultimate nucleotide 
with a ribonucleotide inhibited the rate with £ more strongly than substitution at the 
terminus (10-fold decrease), while the double substitution of the mispaired terminal and 
the penultimate nucleotide with ribonucleotides had a synergistic effect (> 150-fold rate 
decrease; Griep et al., 1990). A similar effect was seen with other DNA polymerases 
including Pol I, T4 Pol and T7 Pol (Lin et al., 2001 ). 
The crystal structure of £ 186 and kinetic characterisation of its pNP-TMP 
hydrolase activity (Chapter 4) gave valuable information about the residues that are 
involved in catalysis and substrate binding. DNA model building showed the need for 
the melting of three nucleotides in order for the mis paired nucleotide to reach the active 
site (Section 3.3.6). The crystal structure of £186 in complex with TMP and Mn(II) 
shows a specific interaction between the carboxylate group of Glu6 l and the proton at 
the N3 position of the nucleotide base (Figure 5. la). Although this suggests that there 
must be differences in binding of various dNMP inhibitors ( and thus also different 
deoxynucleotides at a mismatched 3 '-OH terminus), these would be expected to be 
small given that £ needs to be able to efficiently remove any mismatched terminal 
deoxynucleoside. An interesting question then is how Glu61 ( and perhaps other 
residues) interacts with bases other than TMP at the same position, and how these 
structural differences reflect themselves in the dissociation constant of the £ 186-
Mn(II)2-dNMP complexes, as measured by the Ki for competitive inhibition of pNP-
TMP hydrolysis. It is also of interest to determine Ki for a complex with a ribo-NMP 
(e.g. UMP). The answers to these questions are the aim of this Chapter, because it 
might give some understanding of the basis of the preferential inhibition by dNMPs 
seen with oligonucleotide substrates (Scheuermann and Echols, 1984) and the effects of 
ribonucleotide substitution at the terminal position (Griep et al., 1990). 
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Figure 5.1: Structure of the complex of the active site of E 186 with TMP. This Figure 
represents the low-pH structure of the E 186-Mn(II)2-TMP complex described in 
Section 3.3.4. Figures (a) and (b) were drawn using Ribbons (Carson, 1991). (a) 
Residues that are involved in orienting TMP in the active site. Metal ions are shown in 
orange. The orientation of the active site carboxylate residues (not shown) in this was 
structure used to align the active site residues in Figures 5.7a, 5.8a and 5.9a using the 
program lsqkab (Kabsch, 197 6). The residues that bind to the metal ions and to the 5 ' -
phosphate group are not shown for clarity. However, these positions were not affected 
upon binding of different dNMPs. (b) Details of the TMP-base interactions. Water 
molecules are shown in red and the orientation of the nucleotide was chosen for clarity. 
( c) Atomic structure and numbering of thymine atoms. 
5.1 Materials and methods 
5.2.1 Assay conditions. The assay conditions for measurement of pNP-TMP 
hydrolysis were identical to those described in Section 4.2.3. Inhibition by dCMP, 
dGMP, dAMP, TMP, and UMP was studied by varying [S]0 (0.4-4.2 mM) at each 
[dCMP] (10.8-43.3 µM), [dGMP] (3.7-11.1 µM), [dAMP] (5.1-15.4 µM), [TMP] 
(4.4-8.7 µM), and [UMP] (147.1-414.2 µM). Values of kcat , KM and Ki were 
determined by global fitting of data to steady state kinetic equations describing 
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competitive inhibition, using the program Dynafit (Kuzmic, 1996). The concentrations 
of these nucleotides were determined spectrophotometrically using the following molar 
extinction coefficients (M- 1cm- 1): dCMP (£271 = 9.1 x 103), dGMP (c253 = 1.37 x 104), 
dAMP (£259 = 1.52 x 104), TMP (£267 = 0.96 x 104), and UMP (c262 = 1.00 x 104). 
5.2.2 Crystallisation, data collection and processing. Crystals of E 186 were 
grown at pH 5.8 essentially as described in Section 3.2.2. Co-crystals of E 186 with 
dCMP were grown in the presence of dCTP (2.5 mM) and Mn2+ (2.5 mM) under 
similar conditions to those used for the TMP and Mn(II) crystals (Section 3 .2.2). The 
refined structure contains dCMP rather than dCTP (Section 5.3.2.) and the need for the 
hydrolysis of dCTP to dCMP may explain why it took so long for the dCMP co-
crystals to grow (2 months cf 5-14 days). Co-crystals with dAMP were grown in the 
presence of dAMP and Mn2+ (2.5 mM each) under similar conditions to those used for 
the TMP and Mn(II) crystals (Section 3.2.2). Crystals containing dCMP, dGMP, and 
dAMP were also obtained by soaking crystals grown in the presence of TMP and 
Mn(II) in cryobuffer containing Mn2+ (2.5 mM) and the appropriate dNMP (2.5 mM). 
The soaks were done by serially transferring crystals three times into the appropriate 
cryobuffer (30 min apart) at 4 °C and leaving them overnight at 4 °C after the final 
transfer. All crystals were isomorphous with those grown in the presence of Mn(II) · and 
TMP. Statistics that summarise data collection for a dCMP co-crystal and dAMP- and 
dCMP-soaked crystals are given in Table 5 .1. 
Data from both the dCMP co-crystals and soak, and the dGMP and dAMP 
soaks, were collected at 100 K at the FIP beamline BM3 0A at the European 
Synchrotron Radiation Facility, Grenoble, France. Data from the dAMP co-crystals 
were collected at 100 K using the modifications to our in-house Rigaku Raxis-IIC 
detector described by Carr et al. (1996) with our X-ray generator producing CuKa 
radiation at power of 5 kW (60 kV, 84 mA). The dCMP and dAMP co-crystals 
diffracted to 2.0 A. The dCMP-, dAMP- and dGMP-soaked crystals diffracted to 
1.8 A. 
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dCMP dGMP dAMP 
( Co-crystal) (Soak) (Soak) 
X-ray energy (KeV) 12.658 12.658 12.658 
Resolution (A) 50-2.0 50-1.8 50-1.8 
Reflections (total/unique) 368221/14735 426536/20101 323602/19993 
% complete 98.9 99.3 99.1 
<Ila> 4.8 5.8 5.5 
Rscale a 0.067 0.046 0.044 
Table 5.1: Summary of data collection at synchrotron source. 
aRsca1e = (Il(I - <I> )l)/(II), where <I> refers to the average intensity of multiple 
measurements of the same reflection. 
5.2.3 Structure solutions and refinements. The structures of the dCMP co-
crystal and dAMP- and dCMP-soaked crystals were refined using the low-pH derived 
model of the TMP complex (Section 3.2.5) as starting model using the program 
CNS-SOL VE (Brunger et al., 1998). Water molecules were treated as indicated in 
Section 3.2.5. The three structures exhibited good stereochemistry when checked with 
the programs PROCHECK (Laskowski et al., 1993) and WHAT_ CHECK (Hoo ft et al. , 
1996). All indicators were either inside the normal range or better, with an overall G-
factor of +0.4 to +0.6 from PROCHECK (Laskowski et al., 1993). 
5.3 Results 
5.3.1 Inhibition of £186-promoted pNP-TMP hydrolysis by dNMPs and 
UMP. Using assays with mispaired 3'-OH (Scheuermann and Echols, 1984) and ssDNA 
substrates (Miller and Perrino, 1996), dNMPs have been shown to be competitive 
product inhibitors of the hydrolysis reaction catalysed by £. A study of the effect of 
TMP on pNP-TMP hydrolysis by £ 186 in the presence of Mn(II) showed that TMP is 
also a competitive inhibitor of this reaction and its Ki is about 280-fold lower than the 
KM for the substrate (Section 4.3.3). On a mispaired 3 '-OH substrate, this inhibition 
was shown to depend on the dNMP, with the extent of inhibition decreasing in the 
order dGMP > dAMP ~ TMP > dCMP (Scheuermann and Echols, 1984). It was also 
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shown that E is less active on substrates when the terminal deoxyribonucleotide is 
substituted by a ribonucleotide. To more precisely determine the dissociation constants 
of enzyme-inhibitor complexes, a study was first conducted of the effects of the 
different dNMPs and UMP on pNP-TMP hydrolysis by E 186. 
The study of inhibition by TMP (Section 4.3 .4) was repeated and the data could 
again be fit well to a steady-state kinetic equations describing competitive inhibition 
with kcat = 258 + 7 min-1, KM= 1.3 + 0.1 mM, and Ki = 6.2 ± 0.4 µM (Figure 5.2 cf 
4.6). Data for other dNMPs and UMP could also be fit well to these equations using the 
values of kcat, KM, Ki given in Table 5.2 [see also plotted data in Figures 5.3 (dGMP), 
5.4 (dAMP), 5.5 (dCMP) and 5.6 (UMP)]. Thus, dAMP, TMP, and dGMP bind six 
times more avidly to the active site of E 186 than does dCMP and about fifty times more 
than UMP (Table 5 .2). 
Inhibitor [Inhibitor ]a (µM) kcat (min-1) KM (mM) Ki (µM) 
TMP 0-8.7 258 + 7 1.3 ± 0.1 6.2 ± 0.4 
dGMP 0-11.1 314 ± 5 1. 1 ± 0.1 6.5 + 0.3 
dAMP 0-15.4 304 ± 7 1.1 ± 0.1 6.2 + 0.3 
dCMP 0-43.3 303 ± 4 1.1 + 0.1 38 ±2 
UMP 0-414 298 ± 6 1.0 ± 0.1 320 ± 20 
Table 5.2: Summary of the kinetic parameters describing competitive inhibition of 
pNP-TMP hydrolysis by £186 by (deoxy)nucleoside monophosphates (see 
Figures 5.2-5.6) at pH 8.00 and 25 °C. a Concentration range used for measurements. 
5.3.2 Crystal structures of complexes of dNMPs with E186. The crystal 
structures ( at pH 5. 8) of E 186-Mn(II)rdCMP, El 86-Mn(II)2-dGMP, and El 86-
Mn(II)2-dAMP complexes were determined (with some uncertainty in the case of the 
dAMP ternary complex), using a dCMP co-crystal and dAMP- and dGMP-soaked 
crystals. A summary of data refinement of these three structures is given in Table 5.3. 
The crystal structure of the El 86-Mn(II)2-TMP complex was discussed earlier 
(Sections 3.3.4 and 3.3.5). 
The structure of El 86-Mn(II)2-dCMP was also determined using data from a 
crystal obtained by the soaking method described in Section 5.2.2 (refinement statistics 
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Figure 5.2: Competitive inhibition of E 186-promoted pNP-TMP hydrolysis by TMP. 
(a) Lineweaver-Burk plots (1 mM Mn2+, pH 8.00). Experimental points are shown: 
[TMP]0 = 0 (0), 4.4 (•), 8.8 (A), and 13 .1 µM (e). (b) Dependence of least-squares 
slopes of Lineweaver-Burk plots on [TMP]0. The lines were calculated using the values 
for kcat = 258 min-1, KM= 1.3 mM, and Ki = 6.2 µM, obtained using a competitive 
inhibition model in the program Dynafit (Kuzmic, 1996). 
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Figure 5.3: Competitive inhibition of E 186-promoted pNP-TMP hydrolysis by 
dGMP. (a) and (b) are as in Figure 5.2 except that in (a) and in (b) the experimental 
points are [dGMP] 0 = 0 (0), 3.7 (•), 7.4 (A), and 11.1 µM (e) and the lines were 
calculated using values for kcat = 314 min- 1, KM= 1.1 mM, and Ki= 6.5 µM. 
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Figure 5.4: Competitive inhibition of £ 186-promoted pNP-TMP hydrolysis by 
dAMP. (a) and (b) are as in Figure 5.2 except that in (a) the experimental points are 
[ dAMP] 0 = 0 (0), 5.1 (•), I 0.3 (A), and 15.4 µM (e) and in (b) the lines were 
calculated using values for kcat = 304 min-1, KM= 1.1 mM, and Ki = 6.2 µM. 
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Figure 5.5: Competitive inhibition of E 186-promoted pNP-TMP hydrolysis by 
dCMP. (a) and (b) are as in Figure 5.2 except that in (a) the experimental points are 
[dCMP]0 = 0 (0), 10.8 (•), 21.7 (A), and 43.3 µM (e) and in (b) the lines were 
calculated using values for kcat = 303 min-1, KM= 1.1 mM, and Ki= 38 µM. 
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Figure 5.6: Competitive inhibition of£ 186-promoted pNP-TMP Hydrolysis by UMP. 
(a) and (b) are as in Figure 5.2 except that in (a) the experimental points are 
[UMP]0 = 0 (0), 147 (•), 294 (A), and 414 µM (e) and in (b) the lines were calculated 
using the values for kcat = 298 min- 1, KM= 1.0 mM, and Ki= 316 µM. 
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dCMP 
( co-crystal) 
Refinement 
Resolution range (A) 
Reflections in working seta 
Reflections in test seta 
Rb 
R rreeb 
Number of protein atoms 
Number of solvent molecules 
Number of dNMP molecules 
Number ofEG moleculesc 
Number of Mn atoms 
rms deviation from target bonds 
Lengths (A) 
Angles (0 ), 
B factors ( A2) 
50-2.0 
12828 (87 .4%) 
693 (4.7%) 
0.238 
0.219 
1361 
239 
1 
2 
2 
0.008 
1.271 
Average 16.4 
Minimum 4.7 
Maximum 58.6 
Ramachandran plot statistics (%) 
Most-favored regions 144 (92.3%) 
Additionally allowed regions 12 (7.7%) 
Generously allowed regions 0 
Disallowed regions 0 
dGMP 
(soak) 
50-1.8 
16929 (84.5%) 
914 (4.6%) 
0.255 
0.199 
1361 
239 
1 
2 
2 
0.0045 
1.223 
15.8 
5.4 
54.1 
143 (91.7%) 
13 (8.3%) 
0 
0 
Table 5.3: Summary of crystallographic data refinement. 
dAMP 
(soak) 
50-2.0 
13154 (89.3%) 
701 (4.8%) 
0.231 
0.198 
1361 
257 
1 
2 
2 
0.0076 
1.38 
15.9 
4.7 
52.0 
145 (92.9%) 
11 (7.1 %) 
0 
0 
aReflections in working and test sets were restricted to densities that were above 1 o. bR 
and Rrree = (LIF obs - F calcl)/(LF obs)- Rrree was calculated using 5% of the data not included in 
the refinement. cEthylene glycol moeity. 
are not shown). The two structures of the dCMP complex were essentially identical. 
Co-crystals with dAMP were also obtained as described in Section 5.2.2. However, the 
model after refinement was not resolved well enough in the region near the nucleotide 
base and Glu61 to be of any use (refinement statistics are not shown). More 
information about the structure determination of the £ 186-Mn(II)2-dAMP complex is 
given in Section 5.3.2.4, since there was uncertainty in the Glu61 conformation obtained 
from both dAMP-soaked and dAMP co-crystals. 
It should be noted that the alternative high-pH conformation seen in the 
experimental low-pH structures (as described in Sections 3.3.4 and 3.3.5) was also 
present in all the dNMP complexes (at pH 5.8), but is yet to be refined to determine 
percentage of occupancies. We would also like to determine the structures of the 
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different dNMP complexes at high pH where the enzyme is active and only one 
conformation is present for the phosphate group (work in progress). 
Except for Glu6 l, the positions of all the active site residues that are involved in 
substrate binding and catalysis were unaffected by binding to dGMP, dCMP and 
dAMP (Figures 5.7a, 5.8a, and 5.9a) as compared to the corresponding complex with 
TMP (Figure 5.la). The nucleotide interactions are described in detail for the TMP 
complex in Sections 3.3.4 and 3.3.5 and are summarised in Section 5.3.2.1. Interestingly, 
the results show how the active site of E 186 can bind different nucleotides with similar 
affinity, despite the apparently specific H-bonding interaction between Glu61 and the 
nucleotide base seen first with the TMP complex. The non-specificity of the nucleotide 
binding relies on the mobility of the backbone and sidechain of Glu6 l. The interactions 
with the base of each nucleotide are described below and their correlation with the 
kinetic results are interpreted in the Discussion (Section 5 .4 ). 
5. 3.2.1 Interaction of El 86 with the base of TMP. TMP is oriented in the 
active site through several hydrophobic and H-bonding interactions (Figure 5. la). The 
phosphate group is coordinated by two Mn2+ ions, which are positioned in the active 
site through their coordination by carboxy late residues. The deoxyribose moiety is 
stacked against the Phe 102 ring on one side and its 3 '-OH is H bonded to the backbone 
amide proton of Thrl5, the carboxylate of Glul4 and the imidazole N6H of His66 
(Figure 5.la). The thymine base is sandwiched in a hydrophobic pocket between the 
sidechains of Metl 8 and Val65 (Figure 5. la). Its N3 proton is H bonded to the 
carboxylate of Glu61, while its C4- and C6-carbonyls are H bonded to water molecules 
(Figure 5.1 b ). 
5.3.2.2 Interaction of £186 with the base of dGMP. The specific 
interactions of El86 with the guanosine nucleotide are shown in Figure 5.7b, in which 
the carboxylate group of Glu61 is H bonded to both the guanine NI proton and one of 
the protons of the amino substituent at C2. The second proton of this amino group is 
H bonded to a water molecule, which is in tum H bonded to the backbone carbony 1 and 
amide groups of Metl8 and the carboxylate of Asp59 (Figure 5.7b). The guanine N7 
and C6 carbonyl groups are H bonded to water molecules (Figure 5.7b). Glu61 still 
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points in the same direction as seen in the TMP active site structure (Figure 5. la cf 
5.7a). However, its sidechain carboxylate group has moved by about 1.8 A compared to 
its position in the TMP complex (Figure 5. la cf 5.7a). In order for the Glu61 sidechain 
to move this distance, its backbone, along with both the backbone and the sidechain of 
Pro60, must also move by about 0. 7 A relative to their positions in the TMP complex. 
(a) B A 
Val65 
2.8 I I ., 
., 
I .,"2.7 
Glu61 
(b) 
,,2.6 
' 
2.8 I 
I 
c) 
,2.9 
' 
N~N-----7 
' 
' 
Figure 5. 7: Structure of the active site of£ 186 in the presence of dGMP. ( a), (b ), and 
(c) are as in Figure 5.1, except that they represent the dGMP complex. 
5.3.2.3 Interactions of El 86 with the base of dCMP. Figure 5.8b shows the 
specific interactions of £ 186 with the cytosine nucleotide, in which the carboxylate 
group of Glu61 is H bonded to one of the protons of the cytidine C4-amino group and a 
water molecule. This water molecule had density in the 2F0 - Fe map but its individual 
B factor was three times higher than the average B factor for all atoms in the structure. 
The second proton of the C4-amino group and the C2-carbony 1 group are H bonded to 
water molecules. 
124 
Chapter 5 
The sidechain of Glu61 had barely moved in comparison to its position in the 
TMP complex (Figure 5.8a cf 5. la). The only change to its structure was a rotation of 
the carboxylate group by about 30° toward the C4-amino group. The change in its 
orientation is because in the case of dCMP the N3 group is deprotonated (Figure 5.8c) 
in comparison to N3 of TMP (Figure 5.lc) and Nl of dGMP (Figure 5.7c). This 
movement involves rotation of the carboxy late of Glu61 without altering the position of 
the rest of its sidechain or of any of the nearby residues. 
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Figure 5.8: Structure of the active site of E 186 in the presence of dCMP. ( a), (b ), and 
( c) are as in Figure 5 .1, except that they represent the dCMP complex. 
5.3.2.4 Crystal structure of the El 86 active site in the presence of dAMP. 
In the refinement of the structure of the E 186 complex with dAMP using data from 
crystals obtained by the soaking method described in Section 5 .2.2, there was no 
2F0 -Fe density for either the CY or C6 of the Glu61 sidechain. Substituting Glu61 by 
Ala in the refinement still did not show any density for these atoms. However, in the 
F0 - Fe omit maps contoured at 1. 7 o, positive density for the missing part of Glu61 
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was detected. Upon building Glu61 in the conformation shown in Figure 5.9a, negative 
density was seen around C0 and one of the carboxylate oxygen atoms. However, there 
was no positive density for an alternative conformation even in maps contoured at 1. 7 
a, suggesting that the built conformation (Figure 5.9a) was the most likely one. In 
refining the structure using alternative data from a co-crystal with Mn(II) and dAMP 
obtained as described in Section 5.2.2, 2F0 - Fe density was seen for dAMP but again 
not for either CY or C0 of the Glu61 sidechain. In the F0 -Fe map, some positive density 
was seen for these atoms in different places in a region of the map that was not resolved 
well enough to predict their conformations. Better quality data from a synchrotron 
source is necessary to determine the different conformations of Glu61 that appear to 
exist in this structure. For the time being, we decided to consider the conformation of 
Glu61 determined from the soaked crystal as the most probable ( or most highly 
populated) structure. 
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Figure 5.9: Structure of the active site of£ 186 in the presence of dAMP. (a), (b ), and 
(c) are as in Figure 5.1, except that they present the most likely conformation of the 
dAMP complex (see the text for details). 
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The most likely specific interactions with the adenine base are shown in 
Figure 5.9b, in which the carboxylate group of Glu61 is H bonded to a proton of the 
amino group at C6. The sidechain of Glu61 has moved substantially upon binding of 
dAMP, causing the carboxylate group to move by about 1.5 A relative to its position 
with TMP. The car boxy late group also rotated by about 90° toward the C6-amino 
group. This is required because the Nl group is deprotonated in dAMP (Figure 5.9c ), 
while the corresponding nitrogen atom is protonated in TMP (Figure 5 .1 c) and d G MP 
(Figure 5.7a). The direction of the carboxylate group rotation upon binding to dAMP is 
similar to that upon binding to dCMP and its position is similar to that in the dGMP 
complex. The sidechain of Glu61 is the only part of the active site that is affected by 
binding of dAMP as compared to binding of TMP (Figure 5.9a cf 5. la). 
5.4 Discussion 
In Chapter 4, I discussed some of the main differences between the mechanism 
of hydrolysis by £ of polynucleotide and pNP-TMP substrates. It is helpful to re-
emphasise some of those differences since they are important in considering the 
inhibition of£ by dNMPs. 
pNP-TMP is a non-canonical substrate with properties somewhat different from 
polynucleotide substrates with respect to binding and catalysis. Binding of pNP-TMP 
is not influenced by the extensive peripheral interactions that polynucleotide substrates 
must make with the protein in and around the active site. This probably explains why 
the KM for pNP-TMP is 80-fold higher than for [5'-32P]dT10 (Section 4.3.1; Miller and 
Perrino, 1996). The second important difference is the nature of the leaving group. The 
p-nitrophenyl group is a stronger acid than the natural 3 '-OH leaving group (pKa = 7 .1 
cf ,..., 15), which makes it a much better leaving group. For the same reason, the stronger 
electron withdrawing capability of the p-nitro group makes the oxygen atom of the ester 
a very feebly coordinating ligand. This might affect the geometry that is required for a 
SN2 reaction and it could explain why pNP-TMP is hydrolysed 40-fold more slowly 
than [5'-32P]dT10 (Section 4.3.1; Miller and Perrino, 1996). 
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However, use of pNP-TMP as substrate has an important mechanistic advantage 
over polynucleotide substrates. It allows study of the active site residues involved in 
the chemistry without interference by the more extensive interactions around the active 
site seen in the case of polynucleotide substrates. On the other hand, upon hydrolysing 
the mismatched nucleotide in oligonucleotide substrates, the DNA may not dissociate 
from positions around the active site, so the inhibition by dNMPs may not be a true 
competitive product inhibition, and apparent values of K. may be difficult to interpret. 
As a result, the pNP-TMP hydrolysis assay allows more reliable determination of true 
values of dNMP dissociation constants. 
With [5'-32P]dT10 as substrate (with 5 mM MgC12), TMP was shown to be a 
"competitive" product inhibitor of E with a Ki value of 0.5 mM at pH 7 .5 (Miller and 
Perrino, 1996). This value is 80-fold higher than that determined using pNP-TMP as 
substrate (with 1 mM Mn2+ at pH 8.0). There are four possibilities to explain this 80-
fold difference in Ki values. Firstly, I have shown that KM for pNP-TMP is 4-fold higher 
in the presence of Mn2+ (1 mM) than with Mg2+ ( 4 mM; Section 4.3.2) which indicates 
that the nucleotide inhibitor should also bind more avidly to Mn2+ than Mg2+ at the 
active site. 
A second possible explanation is that Ki may be strongly dependent on pH. In 
the E 186 crystal structure at high pH, the phosphate group of TMP has a geometry that 
mimics substrate binding, while the low-pH structure mimics the immediate product 
after catalysis (Section 3.3.4). While it would be surprising if the dissociation constants 
of the E 186-TMP complexes at different pHs were not different, the fact that KM for the 
substrate pNP-TMP does not vary much with pH (Figure 4. 7) suggests that Ki for 
TMP may also not vary much. 
Thirdly, it is very likely that TMP is less effective in competing with DNA 
substrates that bind through extensive interactions in the active site region, than with 
pNP-TMP. That is to say, DNA substrates may be able effectively to shield the active 
site from approach of the inhibitor to its binding site. To compete efficiently, the 
inhibitor may need to occupy lower-affinity sites that correspond also to those 
occupied by the penultimate and preceding nucleotides of a polynucleotide substrate. It 
128 
Chapter 5 
is of interest in the high-pH structure of the £ 186-Mn(II)r TMP complex, TMP was 
also found to bind in the site of the penultimate nucleotide (Section 3.3.6). This means 
that in kinetic studies of inhibition of hydrolysis of polynucleotide substrates by £, it 
would be very surprising if the inhibition could indeed be described as being 
"competitive" in the strict sense. 
A fourth possible explanation, which is related to the previous point, is that 
upon hydrolysing the mismatched nucleotide, the penultimate nucleotide position is 
reinforced by binding of the rest of the DNA. The 3 '-OH leaving group of the 
penultimate nucleotide would be close to metal ion B (Section 3.3.4), which could help 
it to slide into the pocket and make it harder for the added dNMP to compete with the 
substrate. Inhibition would require a high concentration of inhibitor to be used to 
compete with DNA in all the positions where it interacts with the enzyme. 
Nevertheless, despite these possible differences, an interesting result with £ 
using poly( dA)·[( dT)18-([3H]dC)2.6]n as substrate showed that the rate of hydrolysis 
was inhibited by dNMPs in the order dGMP > dAMP :::: TMP > dCMP (Scheuerman 
and Echols, 1984 ). This result can be compared with data from this study, which is the 
first to reliably measure the kinetically-determined dissociation constants of the £- ( or 
£ 186)-dNMP complexes. We used the pNP-TMP hydrolysis assay with £ 186 to show 
that TMP, dAMP, and dGMP bind with very similar dissociation constants and about 
6-fold more avidly than dCMP (Table 5 .2). The results thus support the preferential 
inhibition of rates of £-catalysed polynucleotide hydrolysis seen by Scheuermann and 
Echols (1984), with slight differences in the trend. These kinetic results were a little 
surprising, since it was expected that£ would bind equally to different nucleotides, such 
that it would hydrolyse the mismatched terminus equally well regardless of its 
sequence. The possible biological implication of having one nucleotide binding less 
strongly than the others will be discussed later. 
In the £ l 86-Mn(II)2-TMP complex, the carboxylate group of Glu6 l was 
H bonded to the proton at N3 of the nucleotide base (Figure 5.la). I proceeded to 
determine the crystal structures of other £ 186-Mn(II)rdNMP complexes in order to 
investigate how Glu6 l ( and perhaps other residues) interact with bases other than TMP 
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at the same position, and whether these structural differences explain why the Ki for 
dCMP is 6-fold higher than that for the other dNMPs. 
Crystal structures of the active site complexes with the four dNMPs were 
determined (with some uncertainty in the case of the dAMP complex). The structure of 
the active site upon binding the four dNMPs showed that they all make H-bonding 
interactions with Glu61 (Figures 5.la, 5.7a, 5.8a, and 5.9a). Therefore, having a specific 
interaction between Glu61 and the nucleotide base did not affect the overall way in 
which different dNMPs bind to the active site of E 186. This was achieved by Glu61 
moving in order to make slightly different H-bonding interactions with each of the four 
dNMPs. Upon replacing TMP with a nucleotide that is deprotonated at the equivalent 
position to TMP-N3 (i.e., dCMP and dGMP), Glu61 moved substantially to make a 
new H bond with the primary amino group (Figures 5.7a and 5.8a). 
A similar specific interaction with the nucleotide base is detected in the 
exonuclease domain of T4 Pol complexed with DNA and divalent metal ions, in which 
Kl 19 is H bonded to the TMP C6-carbonyl group (Wang et al., 1996). However, in 
complexes with DNA bound at the exonuclease active site of RB69 Pol (Shamoo and 
Steitz, 1999) and KP (Beese et al., 1993b ), no specific interaction is detected with the 
nucleotide base. The biological implication of the specific interaction between Glu61 of 
E 186 and the base of the mismatched nucleotide will be discussed later. 
The above kinetic and structural results need to be interpreted with caution 
because the inhibition study was performed at pH 8.0 (where E is active), while the 
structures were determined at pH 5.8 (where E is probably inactive on DNA 
substrates). We now need to determine the high-pH structures of the E 186 active site in 
the presence of dAMP, dGMP, and dCMP (work in progress). On the other hand, this 
is unlikely to affect the major conclusion because neither the base nor important 
residues at the binding site change in ionisation state over this pH range, and the 
interaction of the TMP base with Glu61 and other nearby residues was the same in both 
the high- and low-pH structures of the E 186-(Mn(II)r TMP complex (Section 3 .3 .4 ). 
The only residue that might be affected by a difference in pH is His66, which is 
H bonded through its imidazole-N°H to the nucleotide 3 '-OH group (Figure 5. la). 
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However, from the structures of the £ 186-(Mn(II)2-TMP complex determined at low 
and high pH, we can say that the state of protonation of His66 seems to have little 
structural influence on its interaction with the nucleotide 3 '-OH group (Section 3 .3 .4 ). 
The kinetic results and the structures of the £ l 86-Mn(II)2-dNMPs complexes 
indicate that despite the specific interaction between the carboxylate group of Glu61 
and the nucleotide base, all the dNMPs bind similarly to the active site from a structural 
point of view (Figures 5. la, 5.7a, 5.8a, and 5.9a), with only a slight difference in the 
binding of dCMP from a thermodynamic point of view (Table 5 .2). The 6-fold higher Ki 
value for dCMP compared with the other dNMPs is interesting, and is consistent with 
the results using oligonucleotide substrates, where dCMP was found to be the weakest 
inhibitor of£ activity (Scheurmann and Echols, 1984). The structure of the active site of 
£ 186-dNMP complexes does not give a straightforward explanation for the 6-fold 
difference in Ki values, because all four dNMPs form H bonds with Glu61. The strength 
of hydrophobic and hydrophilic interactions of various dNMPs with £ 186 might be 
accurately predicted by theoretical thermodynamic calculations, but these are yet to be 
carried out. 
Before examining possible biological implications of my finding that dCMP 
binds less avidly than other dNMPs, together with the specific interaction between 
Glu61 and the nucleotide base, it is important to summarise our current understanding 
of the DNA partitioning model in DNA polymerases (see Sections 1.3.2 and 1.3.3). The 
main functions of a DNA polymerase is to elongate DNA and to correct its mistakes 
after insertion of a wrong nucleotide, using its associated 3 '-5' exonuclease domain. The 
logical step after editing the mispaired nucleotide is not to waste more energy in further 
hydrolysis reactions, but to transfer the primer terminus back to the polymerase active 
site for elongation to resume. Movement of the substrate terminus from the exonuclease 
to the polymerase active site is not well understood, since the rate of hydrolysis by the 
exonuclease domain is much higher than the partitioning rate of DNA in this direction 
between the two active sites (discussed in detail in Sections 1.3.2 and 1.3.3). 
On the contrary, the opposite partitioning step is well understood, because 
upon insertion of the wrong nucleotide, DNA polymerisation activity stalls completely, 
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and the rate of DNA partitioning to the exonuclease site becomes faster than the rates of 
both DNA polymerisation and dissociation at the polymerase active site (see 
Sections 1.3.2 and 1.3.3). Two points are discussed below regarding the possible 
contribution of our results to understanding of DNA partitioning from the exonuclease 
to the polymerase active sites (i.e. , the biological implication of the specificity of £ 
toward dNMPs ). 
Firstly, having one nucleotide bind more weakly than the others at the 
exonuclease active site might increase the DNA dissociation rate constant, which might 
enhance the transfer of the primer terminus back to the polymerase active site. But 
whether this difference is enough for the polymerase active site to act and to transfer the 
primer terminus back to it is a question that needs kinetic and thermodynamic studies 
on the binding and hydrolysis of polynucleotides composed of each separate dNMP. 
The thermodynamic studies on the partitioning model described in Section 1.3 .3 argue 
that in Pol I, differences in free energy of less than 0. 7 kcal/mol are enough to transfer 
the mispaired 3 '-OH terminus from the polymerase to the exonuclease active site, once 
the polymerase activity stalls. On the other hand, the corresponding free energy for the 
6-fold difference in dissociation constant for dCMP compared with the other dNMPs is 
1.1 kcal/mol. Thus, the 6-fold difference in Ki could well be important in partitioning the 
DNA from the exonuclease to the polymerase active site in Pol III holoenzyme. 
Secondly, the specific H-bonding interaction with the nucleotide base that is 
detected in £ 186 and T4 Pol, but not in KF and RB69 Pol, suggests that dNMPs might 
bind more strongly to £ and T 4 Pol compared to the exonuclease domains of RB69 Pol 
and Pol I, and this could also be important in DNA partitioning between the polymerase 
and the exonuclease active sites. There are no results available to make the required 
comparison, except for Pol I with [3H]poly( dT)50 as substrate, where TMP has a Ki 
value of0.132 mM (Que et al., 1978). In the case of£ it was 0.5 mM using [5 ' -32P]dT10 
as the substrate (Miller and Perrino, 1996). In both studies Mg2+ was the metal ion. 
Based on structural comparison between complexes of KF (Beese et al., 1993b) and 
£186 with dNMP (Figure 5.la), £186 has two extra H-bonding interactions not seen in 
KF one with the nucleotide 3 '-OH via the imidazole-N° of His66 and one with the 
' 
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nucleotide base via the carboxylate group of Glu61 (Figure 5. la). Therefore, these 
results are surprising. However, in Pol I, the inhibition studies were performed in the 
presence of the polymerase active site, which will compete for binding to the primer 
terminus. As a result, it might destabilise DNA stacking in and around the exonuclease 
active site and allow TMP to bind more effectively to the active site. 
Interestingly, upon comparing £ 186 with the exonuclease domains in known 
DNA polymerase structures, I found that the exonuclease domain of all DNA 
polymerases has an L-shaped structure, where the active site is located in the comer and 
DNA entry occurs along the longer edge of the L (See Figure 3.12b cf 3.5). It is 
important to note that in the ternary complex of RB69 Pol in the editing mode, the 
exonuclease pocket has a U-shaped structure, where the thumb of the polymerase forms 
the other side of the L-shape exonuclease domain, causing the exonuclease active site to 
be buried within the enzyme (Shamoo and Steitz, 1999). In a similar complex of KF, the 
exonuclease pocket has an L-shaped structure and is exposed to the solvent (Beese et 
al., 1993b ). This suggests that in replicative DNA polymerases, assuming that all have a 
closed structure like that of RB69 Pol, the hydrolysed dNMPs might build up a high 
local concentration near the active site, which might compete with the DNA in the 
active site and decrease its affinity for the exonuclease domain. It is not possible to 
comment on this issue with £, T4 Pol and T7 Pol, since only the exonuclease domain 
ternary complex structures have been determined in the case of£ (Chapter 3) and T4 Pol 
(Wang et al. , 1996), while there is no structure available yet of a T7 Pol ternary 
complex. 
Now I tum to discussion of another aspect of the specificity of£, which is its 
lower activity when ribonucleotides are substituted for deoxyribonucleotides in the 
substrate. The decrease of£ activity brought about by terminal ribose alteration of a 25-
mer oligonucleotide was found to have the following trend: 3 '-deoxyribose < 2' ,3 '-
dideoxyribose < 2'-deoxyribose ;:::; ribose (Griep et al., 1990). Therefore, interaction at 
the 3' position of the sugar seems to be the most important. The crystal structure of 
£ 186 in complex with TMP and Mn(II) shows extensive interactions with the 
nucleotide 3'-OH group through the carboxylate of Glu14, the imidazole-N°H of His66 
133 
Chapter 5 
and the amide proton of Thr15 (Figure 5.la). Using the pNP-TMP hydrolysis assay, 
UMP is shown to bind to the active site 50-fold more weakly than TMP (Table 5.2). 
Therefore UMP was a weak competitive inhibitor compared to the dNMPs. In the 
crystal structure, the distance between the deoxyribose-C2' atom and the closest residue 
to it, the hydroxyl group of the Thr15 sidechain, is 3.3 A (Figure 5.10). Fitting two 
hydroxyl groups within this distance would create a steric clash, which explains why 
UMP binds 50 times more weakly than TMP. 
A previous result reported by Griep et al. (1990) showed no effect on the rate of 
hydrolysis of a 25-mer oligonucleotide by E upon changing dCMP to CMP at the 
mispaired 3 '-OH terminus. Substituting the mispaired deoxynucleoide with the 
corresponding ribonucleotide also had no effect on the exonuclease activity of T4 Pol, 
T7 Pol, or Pol I (Lin et al., 2001). However, changing the penultimate nucleotide to 
CMP from dCMP decreased E activity IO-fold (Griep et al., 1990). In our £186-DNA 
model structure, the presence of a 2'-OH group on the penultimate nucleotide is 
predicted to result in a steric clash with the sidechain of Phe 102 (Figure 5 .10). However, 
this prediction should be treated with caution, because it is based on a theoretical model 
rather than experimental results. 
Similar penultimate nucleotide substitutions decrease the hydrolysis rates of KF 
by 250-fold and that of T4 Pol by 30-fold (Lin et al., 2001). In their complexes with 
DNA and metal ions bound at the exonuclease active sites, Tyr423 of KF could 
potentially have a steric clash with the 2' -OH group of the penultimate nucleotide, 
while Phe2 l 8 of T4 Pol is twisted and has more room available to accommodate the 
ribose moiety (Wang et al., 1996; see Figure 5.10). Kinetic studies also showed that a 
Y 423A mutant of KF rescued the hydrolysis rate of an oligonucleotide substrate with a 
ribonucleotide at the penultimate position, while a T4 Pol F218A mutant had no effect 
(Lin et al., 2001). These results suggest that the 30-fold inhibition of the T4 Pol 
exonuclease activity by ribonucleotide substitution at the penultimate nucleotide is not 
due to a steric clash, but that it is in the case of KF. It is not clear why the effect is only 
10-fold in the case of E, despite the fact that the theoretical model suggests a strong 
steric clash between Phe 102 and the 2' -OH of the penultimate ribonucleotide 
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Figure 5.10: Schematic diagram of a DNA ( or RNA) substrate bound at the active site 
of£ 186. An extra 2 '-OH group ( shown in parentheses) is present in a RNA substrate. 
PDB files lKLN (Beese et al., 1993b), lCLQ (Shamoo and Steitz, 1999), and lNOY 
(Wang et al., 1996) were used for KP and T4 Pol, respectively. Metal ions are shown as 
spheres labelled A and B. 
(Figure 5.10). Substituting both mispaired and penultimate nucleotides with CMP 
(rather than dCMP) resulted in a strong synergistic reduction of£ activity (> 150-fold; 
Griep et al., 1990). No comparable data is available for T4 Pol, T7 Pol, or Pol I. 
The effect of the ribonucleotide substitutions on KM for hydrolysis by £ was not 
determined in the study of Griep et al. ( 1990). Therefore, relating our results to theirs 
can not be achieved easily. However, one report in which KM values were determined for 
Pol I, with substrates with substitutions of the penultimate nucleotide or both the 
penultimate and the third nucleotides, gave valuable information on the KM effects of 
ribonucleotide substitution (Lin et al, 2001 ). In this study, altering the penultimate 
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nucleotide was shown to increase KM by 3-fold, while altering the penultimate and the 
third nucleotide increased it by 60-fold (Lin et al, 2001 ). Therefore, substituting the 
mismatched or the penultimate nucleotide alone with ribonucleotide might not have a 
significant effect on oligonucleotide substrate binding because of the other extensive 
interactions it makes at the periphery of the exonuclease active site. On the other hand, 
altering both the penultimate and the third nucleotides has a strong effect on KM, 
because of disturbance of the same interactions. 
To interpret the effects of ribonucleotide substitution at specific positions in 
oligonucleotide substrates on kcat for hydrolysis by E, it is important to consider what is 
affecting the phosphate geometry in the active site (i.e., the required geometry for a SN2 
reaction). Upon substrate binding, the 3 '-OH leaving group is coordinated to metal 
ion B (high-pH structure; Figure 5.10). Therefore, the unfavourable stacking of the 
ribonucleotide at the penultimate position will affect the geometry required for the 
coordination of the leaving group with metal ion B. In the case of having a ribonucleotide 
at the terminal (mismatched) position, the 2 '-OH group is expected to affect the 
geometry of the phosphate group due to its steric clash with the -OH of the side-chain 
of Thrl5 in E (Figure 5.10). However, that seems not to be the case with an 
oligonucleotide substrate, since there was no effect of this alteration on the exonuclease 
activity of E (Griep et al., 1990). Three factors could weaken the steric effect of the 2' -
OH of the mismatched nucleotide on the phosphate group geometry. Firstly, the 
mismatched nucleotide is bent in the active site and isolated from the penultimate 
nucleotide by the hydrophobic interaction of its base and sugar moiety with the 
sidechains ofMetl 8 and Phe102 (see Figures 3.9 and 3.1 la). Secondly, the mismatched 
nucleoside has freedom to rotate about its 5'-CH2 group (Figure 5.10). Thirdly, the 
penultimate nucleotide is well-positioned due to the extensive DNA interaction, which 
in tum fixes the position of the leaving 3 '-OH group (Figure 5.10). As a result, the 
mismatched nucleotide may be able to accommodate the steric effect of the nucleotide 
2' -OH without altering the phosphate geometry. In ternary complexes of KF in the 
editing mode, the distance between the deoxyribose-C2 atom and the hydroxy 1 group of 
Thr358 is 4.2 A (Beese et al., 1993b; Figure 5.10). However, in ternary complexes of 
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the exonuclease domain ofT4 Pol, the backbone carbonyl of Vall 15 is only 3.0 A away 
from the deoxyribose-C2 atom (Wang et al., 1996; Figure 5.10), suggesting a potential 
steric clash with the ribonucleotide at the mismatched position. As a result, having 
ribonucleotide at the mismatched position is expected to have a stronger steric effect in E 
and T4 Pol than in Pol I. 
The decrease in kcat for the substitution of both the mismatched and the 
penultimate nucleotide with ribonucleotides in E (Griep et al., 1990) reflects the 
synergistic effect of steric clashes of the nucleotide 2' -OH groups of both the 
mismatched and the penultimate nucleotide on assembling the right active site geometry. 
It is believed also to be the case for similar alterations of substrates of editing domains 
of other DNA polymerases. 
As mentioned previously, substituting the penultimate nucleotide with 
ribonucleotide causes a reduction in the activity of the KF and T4 Pol exonucleases by 
250- and 30-fold, respectively (Lin et al., 2001 ). The corresponding substitution in E has 
only a IO-fold effect. This differential effect among Pol I, T4 Pol, and E has an 
interesting biological implication. Pol I is a repair enzyme and is relatively abundant in 
the cell. Therefore, if Pol I could process RNA efficiently then it might adversely effect 
the integrity of the cellular RNA. Replicative DNA polymerases also need to be able to 
edit ribonucleotides that are inserted occasionally. In T4 Pol, T7 Pol and Pol I, a 
stronger effect is seen with ribonucleotide substitutions at the penultimate and third 
nucleotides (Lin et al., 2001 ). This stronger effect of substituting the nucleotide at the 
penultimate and the third positions also has an important biological effect, since this 
structure resembles an annealed RNA primer after its synthesis by the DnaG primase. 
Clearly, it would be deleterious to replication if primers were effectively removed by 
the 3 '-5' exonuclease of the major replicative polymerases before they were extended 
by the polymerase active site. 
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5.5 Conclusions 
This Chapter focussed on another aspect of the mechanism of E that is related to 
its specificity. The specificity of E toward mispaired 3 '-OH termini and ssDNA has 
been characterised in the literature and is consistent with our model for the £-DNA 
complex (Section 3.3.6). In this Chapter, the less-well characterised specificities of E 186 
regarding its preferential inhibition by dNMPs and the strong effect of ribonucleotide 
substitution at the 3' end of substrates were investigated by kinetic and structural 
studies. It was shown that E binds to dAMP, dGMP, and TMP with similar affinity 
( ,__,6 µM), but 6-fold more avidly than to dCMP and about fifty times more than UMP. 
The structure of E 186 in the complex with four dNMPs were determined and indicated 
that the flexibility of Glu6 l allowed E 186 to bind all dNMPs with similar affinity. 
These results were compared to those for other DNA polymerases explain the possible 
biological implications of the specificities on the partitioning mechanism between the 
polymerase and the exonuclease active sites in DNA polymerases. Finally, the effects of 
of ribonucleotide substitution at the 3' end of the substrates of both replicative and 
nonreplicative DNA polymerases was discussed in light of biological function. 
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Preliminary Structures of Nucleotide-
Free Complexes of c 186 with Mn(II) 
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6.1 Introduction 
We don't know yet which metal ion cofactors is used by £ in vivo. This is an 
interesting question that is not raised just in this study, but is relevant to almost any 
metallohydrolase that contains labile metal-ion binding sites. The structure of£ 186 in 
complex with Mn(II) and TMP showed that two Mn(II) ions are bound in the active site 
(see Figure 3.7). In Chapters 3 and 4, I discussed the roles of the two Mn(II) ions in 
substrate binding and catalysis, and related the mechanism to those other binuclear 
metallohydrolases. In this introduction, I will give a general idea about metal binding to 
the active sites of metalloenzymes. Then I will employ this background in interpreting 
structural studies that looked at the identity of the metal ions in the active sites of the 
exonuclease domains of phage T4 DNA polymerase (T4 Pol; Wang et al., 1996) and 
E. coli DNA polymerase I (Pol I; Brautigam and Steitz, 1998b; Brautigam et al., 1999). 
In these cases, structures were determined after different transition metals had been 
diffused into crystals. 
The binding of a transition metal ion to a protein with high affinity and 
specificity involves discrimination based on the size, charge, and chemical nature of the 
metal ion (i.e., whether the metal ions are "hard", "soft" or "borderline"; Glusker, 1991 ). 
For example, Mn2+ is considered as being a "hard", a metal ion with high charge, small 
size and with valence electrons that are not polarisable. Therefore, in a protein it prefers 
to coordinate with hard ligands, i.e., ligands which are non-polarisable, weak Lewis 
bases, like the oxygens of the carboxylates of Asp and Glu and the carboxamide 
oxygens of Asn and Gln (Glusker, 1991). Despite its borderline hardness, the nitrogen 
atom of the His imidazole group is found occasionally to coordinate in Mn(II) in 
metalloenzymes (Christianson and Cox, 1999). The sulphur atom of Cys, considered as 
a soft ligand with easily polarisable electrons (i.e., a strong Lewis base) has not been 
observed as a ligand in a naturally-occurring manganese metalloenzyme (Christianson 
and Cox, 1999). On the other hand Zn2+ is considered as a metal ion of borderline 
hardness, so it complexes with a more diverse range of hard and soft ligands (Glusker, 
1991). 
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The bioavailability and dissociation constant of the protein-metal ion complex 
(Kn) play a primary role in the evolution of a metal-binding site (for details, see Cowan, 
1998). Clearly, proteins must bind metal ions with Ko values that are lower than ( or 
comparable with) the available concentrations of the metal ions. For example, as a 
result of the high free Mg2+ concentration in the cell ( ,_,0.5 mM), a low-affinity binding 
site might be suitable for Mg2+, and typical Mg(II) sites on nucleases and ribozymes are 
of low affinity (Kn = 0.1-1 mM). In the case of Mn2+, where the intracellular metal ion 
concentration is lower, a high-affinity site is required. The specificity of binding at a 
high-affinity site for one metal ion is dictated by the active-site ligand geometry and 
composition, and a high affinity site for one metal ion might bind others with much 
lower affinity. 
In some bimetallic enzymes, particularly in the case of the exonuclease domains 
of DNA polymerases (such as described for £186; Figure 3.7), one metal ion is bound to 
the protein through extensive coordination to carboxylate residues (site A), while the 
other is coordinated mostly to water molecules (site B). This suggests that one site is a 
higher affinity site and the other binds the metal ion with lower affinity. In this 
circumstance, it is possible that two different metal ions might be employed in vivo. 
Studies in which transition metal ions were diffused into crystals of the Klenow 
fragment of Pol I and T4 Pol (exonuclease active sites) gave some insight into this 
question. Soaking of a solution containing 20 mM MgSO4 and 1 mM ZnSO4 (pH 5 .5) 
into Pol I crystals resulted in binding of Zn(II) to site A while Mg(II) bound at site B 
with lower occupancy ( ,_,0.7; Brautigam and Steitz, 1998b ). Use of a solution containing 
20 mM MnSO4 and 1 mM ZnSO4 resulted again in Zn(II) binding to site A. However, 
the Mn(II) at the other site exhibited significant disorder and/or low occupancy 
(Brautigam et al., 1999). The two sites bound Zn(II) if crystals were soaked in a 
solution containing only 1 mM ZnSO4, where the B factor of the site A Zn(II) was at 
least 3-fold lower than for Mg(II) binding (Brautigam and Steitz, 1998b; Brautigam et 
al., 1999). This suggests that site A prefers to bind Zn(II) and maintain a tetrahedral 
coordination geometry, while site B prefers to bind to Mg(II) with octahedral geometry. 
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For T4 Pol, various concentrations of Zn(II) and Mn(II) (pH 7.0), either alone or 
in combination, were diffused into crystals. Refinement of their occupancies at the two 
sites allowed estimations of their affinities (Wang et al., 1996). These results showed 
that the Kn for Zn(II) at site A is about 20-fold lower than that of Mn(II). It also showed 
that Zn(II) by itself bound preferentially to site A with Kn about 5-7 fold lower than for 
the low affinity site. On the other hand, Mn(II) prefers to bind to site B by 3-5 fold 
relative to the other site. This is consistent with the results for Pol I. The data are also 
consistent with the ligand number and geometry at the metal binding sites discussed 
previously. 
The above results should be treated with caution since the metal ions were 
soaked into the crystals rather than being co-crystallised with the protein. On the other 
hand, to have Mg(II) preferring to bind to site B in Pol I over Mn(II) and Zn(II) is 
surprising giving that the exonuclease activity of the Klenow fragment is more efficient 
with Mn2+ than with Mg2+, and that Zn2+ is an even more efficient cofactor (Brautigam 
et al., 1999). However, the higher exonuclease activity with Mn(II) cf Mg(II), which 
might be a result of tighter coordination at site A, can not be used to support the 
proposition that it is the naturally-occurring metal ion. Binding of Mn(II) can force an 
active-site geometry that might affect its substrate selectivity. In fact, the fidelities of 
both Pol I and T7 Pol are lower with Mn(II) as the catalytic cofactor (Tabor and 
Richardson, 1989; Ricchetti and Bue, 1993). This arises as a result of reduced 
nucleotidyl discrimination at the closely-related polymerase active site, even though the 
activities with Mn2+ are higher (Tabor and Richardson, 1989). 
We would like to understand the structure of derivatives of E with metal ions 
other than Mn(II) at the active site. As a preliminary study to full structure 
determinations, I have attempted to find conditions for collection of data on metal-free 
E 186, nucleotide-free E 186-Mn(II)2 and E bound to other metal ions. Two preliminary 
structures of nucleotide-free forms in which Mn(II) ions are bound at the active site are 
reported in this Chapter. 
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6.2 Materials and methods 
6.2.1 Crystallisation, data collection and processing. Crystals of£ 186 were 
grown in the presence of TMP and Mn2+ (2.5 mM each) at pH 5.8 as described in 
Section 3 .2.2. To obtain what is called here the "nucleotide-free £ 186-Mn(II)2 
complex", the crystals were simply transferred into cryobuffer containing 40% PEG-8K 
and 0.1 M cacodylate, pH 5.8. In the case of what is described here as "nucleotide-free 
£186-Mn(II) complex", the crystals were serially transferred three times into cryobuffer 
containing 40% PEG-8K, 0.1 M HEPES, pH 8.5 and 2.5 mM EDTA. Data from the 
Mn(II)-£186 complex were collected at 100 K at the FIP beamline BM30A at the 
European Synchrotron Radiation Facility, Grenoble, France. Data for the £186-Mn(II)2 
complex were collected at 100 K using our in-house Rigaku Raxis-IIC detector (Carr et 
al., 1996) with our X-ray generator producing CuKa radiation at power of 5 kW (60 kV, 
84 mA). Statistics that summarise data collection for these two complexes are given in 
Table 6.1. 
X-ray energy (keV) 
Resolution (A) 
Reflections (total/unique) 
% complete 
<I/o> 
RscaJ/ 
Mn(II)-£186 
12,658 
50-1.8 
212095/19787 
99.9 
8.5 
0.033 
Table 6.1: Summary of data collection. 
Mn(II)2·£ 186 
8014 
50-2.0 
117154/14878 
98 .8 
9.7 
0.108 
aRsca1e = (~::l(I - <I> )l)/(~:I), where <I> refers to the average intensity of multiple 
measurements of the same reflection. 
6.2.2 Structure solutions and refinements. The structures of the £-Mn(II) 
and £-Mn(II)2 complexes were refined with the low- and high-pH models of the £ 186-
Mn(II)2-TMP complex (Section 3 .2.5) respectively, as starting models using the 
program CNS-SOL VE (Brunger et al., 1998). TMP was not present in the two 
structures and the electron density corresponding to the Mn(II) ion(s) in the active site 
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indicated partial occupancy (see Results and discussion). The water molecules in the 
two structures were picked automatically using CNS_ SOL VE, and their positions have 
not yet been checked manually as for the previously described structures in this Thesis. 
On the other hand, the water molecules in and around the active site were picked and 
refined well. The £-Mn(II) and £-Mn(II)2 complexes were refined to R / Rfree values of 
0.238 I 0.207 and 0.250 /0.217 at resolutions of 1.8 and 2.0 A, respectively. 
6.3 Results and discussion 
The previously-determined crystal structures of £ 186 contain the metal ion 
cofactors that are needed for substrate binding and catalysis and the product inhibitor 
TMP (see Figures 6.lb and 6.3b). We attempted in this currently ongoing study to find 
the appropriate experimental conditions to obtain crystals of metal-free £, nucleotide-
free £ l 86-Mn(II)2 and £ bound to metal ions other than Mn(II), in order to enrich our 
understanding of the phosphodiester bond cleavage mechanism used by £ and binuclear 
metalloenzymes in general. Preliminary results produced two structures, of £ l 86-
Mn(II)2 and £ 186-Mn(II), which raise some interesting questions and give us valuable 
information regarding the soaking methodology that we need to employ to obtain 
desirable £ 186 complexes. 
6.3.1 The structure of nucleotide-free E186-Mn(l1)2 complex at pH 5.8. 
One of our primary soaking conditions to determine how firmly the metal ions and the 
TMP molecule are bound to the active site of £ 186, was to soak the crystals of £-
Mn(II)2-TMP in cryobuffer containing 40% PEG-8K and 0.1 M cacodylate, pH 5.8, but 
without TMP and Mn2+. Interestingly, this soaking washed out the TMP completely 
from the active site. However, Mn(II) ions at two positions were still present, but their 
individual B-factors at an occupancy of 1.0 were about 3 times higher than those in the 
structure originally determined with crystals grown in the presence of TMP. Refinement 
of occupancies with the individual B-factors of the two Mn(II) ions set to the average 
B-factor of their ligands, showed that the two Mn(II) sites were partially occupied and 
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that their occupancies were ,_,0.5. We can not determine, therefore, if individual 
molecules in the crystal each contain one Mn(II) ion ( at either site) or if half of them 
contain a nucleotide-free binuclear centre while the other half are metal ion free. The 
first part of the following discussion assumes the latter to be true, but there is so far no 
experimental justification for this. The alternate model is also discussed later. 
Nevertheless, the structure of £ 186-Mn(II)2 shows four striking differences from 
the active site in £ l 86-Mn(II)2-TMP at low pH (these two structures are compared 
because they were both determined at pH 5.8). Firstly, the Mn(II) ion that is mostly 
hydrated (MnB) in £ l 86-Mn(II)2 is five-coordinate, approximately arranged in trigonal 
bi pyramidal geometry (Figure 6.1 a), while it has nearly perfect octahedral geometry in 
£ l 86-Mn(II)2-TMP (Figure 6.1 b ). This metal ion has lost its sixth coordination site with 
the bridging phosphate oxygen (Figures 6.1 a and b ), and one of the other water 
molecules now bridges the two metal ions (see below). Secondly, the sidechain of 
His 162 adopts two conformations, each of which also has an occupancy of ,_,50%. This 
has been determined as described for the alternative conformation of TMP at low pH in 
Section 3.2.5. One conformation is similar to that seen in £ 186-Mn(II)i-TMP 
(Figures 6. la and b ), while in the other, the imidazole ring of Hisl 62 is substantially 
twisted upwards by 0.8 A (in the view presented) and moved to the side by 1.5 A where 
it is now appears to be coordinated with the inner Mn(II) ion (MnA; Figures 6.1 a and b ); 
MnA is now bonded to the imidazole N6H of His 162 in £ l 86-Mn(II)2 instead of to one 
of the 5'-phosphate oxygens as is the case in the £ 186-Mn(II)2-TMP complex 
(Figures 6.1 a and b ). Since only the unprotonated imidazole base could coordinate to 
MnA in this way, it appears at first sight that the two conformations of the sidechain of 
His 162 arise as a result of an equilibrium between the unprotonated base and the 
imidazolium form, whose pKa in this crystal would be ,_,5.8 (cf ,_,6.5 in the TMP 
complex and 7.7 in the complex with the substrate pNP-TMP; see Chapters 3 and 4). 
The third feature of this structure is that the coordination of MnA with the 
bridging phosphate oxygen is replaced by a bridging water molecule (W1 in 
Figures 6.la and b). Interestingly, this water molecule is close in position to the one that 
maintains the octahedral geometry of Mn B in the £ l 86-Mn(Il)2-TMP complex 
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Figure 6.1: Structural comparison of the active site in the £186-Mn(II)2-TMP and £l86-
Mn(II)2 complexes. (a) Active site in £186-Mn(II)2. Water molecules are presented in 
red and metal ions in orange. His 162 adopts alternative conformations each with 50% 
occupancy; one conformation is shown with carbon atoms in green, the other in grey. 
(b) Active site in £ l 86-Mn(II)2-TMP at low pH. This is an identical view to that shown 
in (a) and is based on aligning the active site residues of the two structures using the 
program lsqkab (Kabsch, 1976). The red arrows represent the main structural changes 
to the low pH structure upon eliminating TMP from the active site. ( c) Superposition of 
the structures of£ l 86-Mn(II)2-TMP and £ 186-Mn(II)2. £ 186-Mn(II)2-TMP is shown in 
grey, while £l86-Mn(II)2 is shown in cyan. Figures were drawn using Ribbons (Carson, 
1991). 
(W1 in Figure 6.lb). W1 in £l86-Mn(II)2-TMP is about 4.2 A away from MnA, but in 
£ 186-Mn(II)2, it has moved to the right by 1.0 A (in the view shown in Figure 6.1) and 
MnA has moved upwards by 1.0 A, which now places W1 in a good position to bridge 
between the two metal ions (Figures 6.la and b). 
Fourthly, in £186-Mn(II)2 the carboxylate group of Asp12 has moved upwards 
by 1.0 A (in the view in Figure 6.lc). Interestingly, this movement is in the same 
direction and of similar distance to the movement of MnA (Figures 6.1 b and c ). The 
carboxylate group of Glu14 has also moved by 0.8 A in £l86-Mn(II)2 relative to its 
position in £l86-Mn(II)2-TMP (Figure 6.lc). 
To confirm that the active site really contains two Mn2+ ions, we need to repeat 
this experiment with similar soaking methodology, or soak the metal ions back after 
washing out the TMP to increase their occupancies, and to collect the data at the 
anomalous scattering edge of Mn(II) to enable calculations of an anomalous-difference 
electron density map. However, the geometry of the two modelled metal ions, as 
described above and shown in Figure 6. la, suggests that they are Mn(II). We 
considered the possibility of having Mg(II) instead of one or both of the Mn(II) ions, or 
a very low occupancy Zn(II) site, mainly at site A, where the His coordination would be 
more typical of Zn(II) than Mn(II). However, throughout the course of crystallisation, 
Mn(II) was the only ion used. Additionally, the structure of the protein in the crystals 
originally obtained in the presence of Mn(II) and TMP, used as the starting material in 
our soaks here, had no Mg(II) or Zn(II) ions. On the other hand, data collection at 
wavelengths corresponding to both the Mn(l1) and Zn(II) edges, which will be 
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commenced soon, should give a clear answer in regard to the identity of the metal ions 
in the active site. 
As mentioned earlier, an alternative and perhaps more likely explanation for the 
fact that each of the Mn(II) sites are ,_,50% occupied in the structures of the El 86-
Mn(II)2 complex, while the sidechain of His 162 has two equally populated 
conformations, is that crystals prepared in this way contain an approximately equal 
mixture of molecules with two different active sites. In one of these (Figure 6.2a), Mn2+ 
occupies only the Mn8 site with 100% occupancy and His 162 has a single 
conformation. In the other (Figure 6.2b ), the metal ion is at the MnA site and the 
sidechain of His162 is in the alternate position. The sidechains of Asp12 and Glu14 and 
the active-site water molecules need to be in approximately the same position in both of 
the alternate structures, although water molecule could be at the unoccupied Mn(II) 
sites in each. 
This model would suggest that Mn2+ binds separately with equal affinity to each 
of the sites. Although this seems surprising given that site A contains an array of protein 
carboxylate sidechains while ligands at site B are mostly water molecules, and is at 
odds with structures of the exonuclease active site of T4 Pol (Wang et al., 1996), it is 
consistent with the fact that the single Mg(II) ion seen in the structure of the active site 
of exonuclease I is at site B (Figure 3.7; Breyer and Matthews, 2000). 
The structure of the E186-Mn(II) complex at pH 8.5 (see Section 6.3.2, below) 
was found to be similar to the model in Figure 6.2a, which lends support to this latter 
proposition. However, the difficulty with this argument is as follows. If we assume the 
nucleotide-free one-Mn(II) form has "low-" and "high-pH" structures (cf the TMP 
complexes, Chapter 3), where the structure in Figure 6.2a represents the "high-pH" 
structure, then His 162 would be coordinating directly to MnA when it is protonated. 
This is not reasonable on chemical grounds. Further work outlined earlier should 
resolve the issue of the true structure of this nucleotide-free form of the El 86-Mn(II)2 
complex at pH ,_,5.8. 
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Figure 6.2: Models for partially-occupied Mn(II) position in the active site of the £ l 86-
Mn(II)2 complex at pH 5.8. These models were generated based on the assumption that 
Mn2+ binds separately with equal affinity to each of the sites, while His162 (pKa = 5.8) 
adopt one conformation in each active-site structure, and similarity with the £ 186-
Mn(II)2 structure at pH 8.5 (see Figure 6.3a). (a) "High-pH" active site structure. Mn2+ 
occupies only site B with 100% occupancy and a water molecule shown in blue 
occupies site A. His 162 is deprotonated and has a single conformation. (b) "Low-pH" 
active site. Mn2+ occupies only site A with 100% occupancy and a water molecule 
shown in blue occupies site B. His 162 is protonated and adopts the alternate 
conformation. There are some difficulties with these models, as described in the text. 
Figure drawn using Ribbons (Carson, 1991). 
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6.3.2 The structure of nucleotide free E186-Mn(II) complex at pH 8.5. The 
previous structure showed that TMP could be eliminated from the active site by simply 
soaking crystals in cryo buffer that does not contain Mn2+ or TMP. We aimed at the 
outset to establish soaking conditions to obtain metal-free £, which could give a good 
starting condition for soaking in metal ions other than Mn(II). In order to accomplish 
this, crystals of £ l 86-Mn(II)2-TMP were soaked in cryobuffer containing 2.5 mM 
EDT A. I was encouraged by the crystals surviving an EDTA soak at pH 5 .8 (not 
shown), so I carried out the same soak with EDTA at pH 8.5 to test conditions where 
the enzyme is maximally active. 
The partially-refined structure (Figure 6.3) showed TMP to be absent from the 
active site. However, there was uncertainty in determining whether the metal ions were 
present or not. Replacing the two Mn(II) ions at the active site with two water 
molecules showed that one modelled in place of MnA was well ordered, while one 
modelled in place of the Mn8 (not shown) had positive F0 - Fe density, suggesting that 
this site most probably contains Mn(II) at occupancy < 100%. Refining the structure 
with Mn8 and a water molecule in the normal position of MnA showed that Mn8 could 
be placed with a partial occupancy of 0.35, where its individual B-factor was similar to 
that of the carboxylate oxygen of Asp 12, to which it coordinates. In this model, Mn8 
has octahedral geometry (Figure 6.2a), while the water molecule in site A forms proper 
hydrogen bonds through its two pairs of electrons and two hydrogens (Figure 6.2a). 
However, to confirm the correctness of this model and that no other metal ion is present 
in this structure (mainly Mg(II) in this case), we need once again to collect data using 
wavelengths at the absorption edges of Mn(II) and Zn(II). 
It was very surprising for us to see that the protein car boxy late-coordinated Mn A 
had been washed out, while the water-coordinated MnB was still bound in the active site 
of£ 186. This suggests that, under our experimental conditions, MnB binds more firmly 
to the active site than MnA, which again contrasts with the reported results for Pol I and 
T4 Pol (see Section 6.1 ). Interestingly, E. coli exonuclease I (Breyer and Matthews, 
2000), which has similar active site structure to £ (Figure 3. 7; i.e., it belongs to the 
DnaQ-H family rather than the DnaQ-Y family; see Section 3 .1 ), also contains a 
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Figure 6.3: Structural comparison of the active site of E186-Mn(II)2-TMP and £186-
Mn(II) complexes at pH 8.5. (a), (b) and (c) are similar to those described in Figure 6.1, 
except that they present the active site of the complexes of E 186-Mn(II)2-TMP at high 
pH and £186-Mn(II). In (c) E186-Mn(II)2-TMP is shown in blue, while £186-Mn(II) is 
shown in yellow. 
hydrated Mg(II) ion at Site B, while the putative protein-coordinated metal ion is 
absent. 
These results will be confirmed when we carry out similar metal ion diffusion 
experiments to those described in Section 6.1 for Pol I and T4 Pol, and carry out 
spectrometric experiments using EPR. Comparison of the structure of E 186-Mn(II) with 
that of the E 186-Mn(II)2-TMP complex again shows substantial movements of groups 
within the active site (Figures 6.3a and b). In this view, these movements include Asp12 
moving up by 0.6 A and Glu14 and Asp167 moving to the right by 0.9 and 0.8 A. 
Additionally, the nucleophilic water molecule seen in El 86-Mn(II)2-TMP disappeared 
(Figures 6.3a and b) and as for the E 186-Mn(II)2 complex, a water molecule is in the 
position of the bridging phosphate oxygen (Figures 6.3a and b ). 
6.3.3 General points. The structures of the complexes of El 86-Mn(II)2-TMP 
at low and high pH, and preliminary data with the complexes called El 86-Mn(II)2 and 
E 186-Mn(II) show that the active site of E has significant flexibility to adjust to the 
coordination geometry preferred by the metal ion at various pH values (Figure 6.4). 
These conformational differences could be important from a mechanistic point of view, 
where one of the structures could represent the resting or native state of the enzyme, 
another could be a strained conformation following binding to two metal ions prior to 
substrate binding and catalysis, while the third (El 86-Mn(II)2-TMP) mimics the 
conformation of the active site after binding to its substrate during catalysis. Further 
investigation is needed firstly to confirm that the models for the nucleotide-free enzyme 
presented here are correct. On the other hand, these conformational changes should not 
mislead us in making too many conclusions because the active site has a predefined 
geometry in the crystals that could favour a certain metal ion coordination over another. 
Therefore, we are currently trying to co-crystallise E 186 in the presence of Mn2+ ions 
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alone and with other metal ions. Fortunately, co-crystals of£ 186 with Mn(II) have now 
been obtained, although they tend to be small and take a long time to grow. We would 
also like to use EPR in conjunction with our study in investigating binding of 
paramagnetic metal ions at the active site. 
• 
E 186-Mn{I I) 
• E 186-Mn(ll)2 
His162 
• c186-Mn(ll)2-TMP pH 8.5 
Figure 6.4: Superposition of the structures of £ 186-Mn(II)2-TMP (high pH), £ 186-
Mn(II), and £ 186-Mn(II)2. The structures are overlaid based on alignment of their active 
site residues using lsqkab (Kabsch, 1976). £ 186-Mn(II)2-TMP (high pH) is shown in 
blue, £ 186-Mn(II)2 is in cyan and £ 186-Mn(II) is in yellow. The Figure was drawn 
using Ribbons (Carson, 1991). 
Soaking conditions similar to those described here were very useful for us to 
produce £186 complexes with two Mn(II) ions and various dNMPs (Chapter 5, 
Section 5 .2.2), since they indicated to us that TMP can be washed out of crystals simply 
by diluting it. On the other hand, to obtain the £ l 86-Mn(II)2 structure, it is possible that 
all we need to do is to repeat the soak with cryobuffer in the absence of Mn2+ and TMP 
to wash out the TMP and then soak Mn2+ back at an appropriate concentration to have 
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either one or both sites fully occupied by Mn2+. Moreover, it should be possible to 
obtain the apoenzyme structure, since more extensive EDTA treatment should 
completely remove residual Mn2+. 
The difficulty in removing Mn2+ with EDT A suggests that the enzyme might 
always have one metal ion bound to its active site. To our surprise, this site appears to 
be site B. To solve the structure of the active site with metal ions other than Mn(II), an 
appropriate soaking condition should be to soak the crystals in EDT A, which should 
under some conditions leave only one Mn(II) ion bound at the active site, then diffuse 
different metal ions into the crystals. This work is ongoing and I anticipate, based on the 
above preliminary results, that we will eventually be able to solve the structures of a 
variety of metal ion-substituted versions of E 186. It also appears that we might be lucky 
enough to co-crystallise E 186 with Mn(II) and possibly other metal ions. 
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Pol III in the Context of the 
Replisome 
Chapter 7 
7.1 Structural of replisomal proteins 
DNA replication requires the assembly of a large collection of proteins at the 
replication fork to form what is known as the "replisome". Several decades of research 
on the bacterium E. coli and its bacteriophages T4 and T7 have defined the roles of 
many proteins central to DNA replication. To structurally characterise the replisome, we 
first employed the approach of isolating and studying the individual proteins separately. 
Our experience (e.g., lack of success in crystallisation, NMR studies) with this family of 
proteins suggest now that many of them contain flexible regions connecting different 
domains or at their termini. Considering the helical arrangement of the DNA template, 
that DNA synthesis occurs continuously at the leading strand and discontinuously at the 
lagging strand, and the need to maintain interactions among the different components of 
the replisome while the DNA is being synthesised, it is not surprising that flexibility 
and plasticity are important in replisome function. Examples of the importance of these 
flexible regions are given in later Sections. 
In order to obtain high resolution structures by X-ray crystallography and NMR, 
an approach used was to cleave these flexible regions. This led in some cases to 
determination of structures of certain domains within each component of the replisome 
(for example, the N-terminal domain of DnaB, the catalytic core of the DnaG primase 
and the N-terminal domain of SSB). In some other cases, it helped in obtaining the 
structure of multisubunit complexes (for example, use of truncated y to crystallise the 
y complex of Pol III holoenzyme ). 
The last few years have been so exciting because many structures of replisomal 
proteins and complexes of them have been determined. These include the crystal 
structure of the catalytic core of E. coli primase (Keck et al., 2000; Podobnik et al., 
2000). This three-domain 36-kDa fragment is located between an N-terminal domain 
(12 kDa) that binds to Zn (Stamford et al., 1992) and a C-terminal domain (15 kDa) 
necessary to bind the helicase DnaB (Tougu and Marians, 1996). The structure of the N-
terminal domain of Bacillus stearothermophilus primase confirmed that this fragment is 
a Zn-binding domain (Pan and Wigley, 2000), though its function is still uncertain. The 
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other known primase structure is of the catalytic core of the enzyme from the 
hyperthermophilic archaeon Pyrococcus furiosus (Augustin et al., 2001 ), which is more 
similar to eukaryotic primases, where the enzyme is associated with a DNA polymerase 
(Pol a) rather than being separate as is the case with the prokaryotic DnaGs. 
To date, high-resolution structural information about the hexameric replicative 
helicases is restricted to the gene 4 helicase domain of the helicase-primase of bacterio-
phage T7 (Sawaya et al., 1999), the small N-terminal domain of E. coli DnaB (Weigelt 
et al., 1999; Fass et al., 1999) that contacts the primase (Chang and Marians, 2000), and 
the RepA helicase of plasmid RSF1010 (Niedenzu et al., 2001). The structures of the 
DnaB hexamer in complex with its loading partner DnaC at 26 A (Barcena et al., 2001 ), 
and DnaB alone at somewhat lower resolution (San Martin et al., 1998) have been 
determined by cryoelectron microscopy. 
The crystal structures of complexes of E coli Rep helicase ( a dimeric helicase) 
bound to ssDNA and ADP (Korolev et al., 1997), as well as the related enzyme, PcrA 
(Subramanya et al., 1996) and PcrA in complex with DNA (Velankar et al., 1997), have 
also been determined 
The crystal structure of the N-terminal domain of SSB (Raghunathan et al., 
1997; Matsumoto et al., 2000) and SSB in complex with DNA (Raghunathan et al., 
2000) were solved. The structure of the single-stranded DNA binding proteins encoded 
by bacteriophages T7 (gene 2.5 protein, truncated by 26 residues at the C-terminus, 
which is believed to be mobile; Hollis et al., 2001) and T4 (gene 32 protein) in complex 
with ssDNA (Shamoo et al., 1995) have been determined. The above structures gave us 
some understanding of the basis for the different binding modes that these proteins 
exhibit in their DNA complexes. 
Other key structures include those of several topoisomerases (see Berger, 1998, 
for a review). Among these is the E. coli DNA topoisomerase I, where the crystal 
structure of its N-terminal domain (67 kDa; Lima et al., 1994) and the NMR structure 
of a fragment of its 30-kDa C-terminal domain (14 kDa; Yu et al., 1995) were 
determined. The structures showed that both of the domains contain residues that are 
important for topoisomerase function in strand breaking and reunion for relaxation of 
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the supercoiling strain in DNA, permitting unwinding of dsDNA by DnaB. The N-
terminal domain is capable of breaking ssDNA but not of relaxing supercoils, while the 
C-terminal domain is a Zn-binding unit that is important for catalysis. 
The E. coli type II topoisomerase (gyrase) cleaves and religates both strands of 
DNA during catalysis in a reaction coupled with ATP binding and hydrolysis. Gyrase is 
a dimer of two subunits; subunit B contains the ATP binding and hydrolysis activities 
and subunit A contains the active site which cleaves and religates the DNA. Among 
structures of fragments of E. coli gyrase, those of the N-terminal half of the GyrB 
subunit that contains the nucleotide binding pocket (Wigley et al., 1991 ), and of the 
breakage-reunion domain of GyrA (Cabral et al., 1997) are notable. 
Additionally, the structures of the E. coli replication terminator protein (Tus) 
complexed with terminus-site (Ter) DNA (Kamada et al., 1996), and of the analogous 
Bacillus subtilis protein (RTP) in complex with Ter DNA (Wilce et al., 2001) are now 
available. 
Several structures of DNA polymerases have been solved (as described in 
Table 1.3 and Section 1.3). Among these are the enzymes from bacteriophages T7 
(Doublie et al., 1998) and RB69 (phylogenetic relative of T4; Franklin et al., 2001 ). For 
processive DNA synthesis, many replicative DNA polymerases require association with 
ring-shaped accessory subunits that encircle the template DNA to tether the polymerase 
core to it. Structures include those of the processivity factors from E. coli (~ clamp; 
Kong et al., 1992) and bacteriophage T4 (gene 45 protein; Moarefi et al., 2000). 
Thioredoxin, although not a ring protein, has a similar function in phage T7. The 
structure of the T7 DNA polymerase in complex with thioredoxin is also now available 
(Doublie et al., 1998). 
The E. coli Pol III holoenzyme is a bit more complicated because it is assembled 
from so many different subunits. With respect to the core, we have now succeeded in 
determining the structure of the exonuclease domain ( £ 186; Hamdan et al., 2002a) and 
the small 8 subunit (Keniry et al., 2000). However, the structures of the polymerase a 
subunit and full-length£ are still unknown. In regard to the accessory subunits, the first 
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progress was the structure determination of the ~ sliding clamp (Kong et al., 1992), 
followed by the 6' subunit if they clamp-loading complex (Guenther et al., 1997). 
Last year, as reported in two papers in Cell, Jeruzalmi et al. (2001 a, 200b) made 
an enormous leap in our understanding of Pol III holoenzyme function by determining 
the structures of the y clamp-loading complex and of the ~ clamp in complex with 6, its 
interacting subunit in the y complex. Due to the importance of these two structures to 
our current understanding of the holoenzyme, I intend in the following Section to 
review these structures, then to examine where we currently stand in our understanding 
of the structure and function of Pol III holoenzyme. 
7.2 Function of Pol III holoenzyme 
In Section 1.1, I discussed events at the replication fork and the semi-
discontinuous nature of DNA synthesis. In Section 1.2, I gave a general overview of the 
different structural subassemblies of the holoenzyme. I also pointed out that the core of 
Pol III is poorly processive. Only when it is tethered to DNA via the B clamp through 
the actions of they clamp-loading complex, does the enzyme develop high processivity. 
It is then able to extend DNA by at least several thousands of nucleotides per binding 
event. In this Section, I will discuss in detail how the Pol III holoenzyme copes with the 
semi-discontinuous nature of DNA synthesis from biochemical and structural points of 
view, then I will conclude by describing structural models of Pol III holoenzyme 
assembly at the replication fork. 
Extension of DNA continuously on the leading strand fits nicely with the picture 
of Pol III sliding on DNA tethered by the ~ clamp. However, events on the lagging 
strand are a lot more complicated, since DNA is synthesised discontinuously in a series 
of short Okazaki fragments (Kornberg and Baker, 1991). Each fragment is 1000-2000 
nucleotides in length. At a speed of ,.._,500 nucleotides per second, Pol III completes a 
fragment every 1-2 s. Interestingly, there are only 10-20 copies of Pol III in the cell, 
and although the number of ~ clamps is higher, it is at least an order of magnitude less 
than the number of Okazaki fragments produced during replication of the chromosome 
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(Kornberg, Baker, 1991). Therefore, in order to make ,__,3000 Okazaki fragments in 
30--40 min while replicating DNA continuously on the leading strand, there must be a 
specialised mechanism for rapid polymerase clamp recycling on the lagging strand. This 
occurs such that the polymerase re-initiates synthesis at new primers every few seconds 
and enough B is available to tether it to the each of the primer termini, as required. This 
is accomplished, as will be described in Sections 7 .2.1 and 7 .2.2, via cooperative 
interactions among all of the structural components of the holoenzyme. 
7.2.1 Structure of the ~ subunit in complex with a monomeric mutant of 
the ~ subunit. The B subunit is very stable as a dimer (Kd < 50 nM), and the half-life of 
a B ring on DNA is ,__,100 min at 37 °C (Leu et al., 2000). Because of this, efficient 
assembly of the sliding clamp on DNA requires a mechanism that leads to destabil-
isation of its ring. In an ATP-dependent reaction, the y complex, a molecular 
matchmaker and ATPase motor, binds B through the 6 subunit. This causes the B ring to 
open, and to be loaded at a primer terminus (Leu et al., 2000; Jeruzalmi et al., 2001 b; 
Leu and O'Donnell, 2001; Stewart et al., 2001). Clamp loading in vitro requires only 
the y·6·6' complex (Onrust and O'Donnell, 1993). In fact the 6 subunit alone has the 
intrinsic capability to open the B ring (Turner et al., l 999). Interaction of 6 with B 
involves only one member of the B dimer. This has been established biochemically by 
the findings that 6 binds 50-fold more strongly to a B subunit that has certain mutations 
at the dimer interface (Stewart et al., 2001) and that the y complex was able to 
efficiently load B that had been cross linked at one of the dimer interfaces (Turner et al., 
1999). Also, the crystal structure of the 6·B 1 (a mutant of B that forms a stable 
monomer) complex confirmed that 6 binds to one subunit of the B dimer in such a way 
as to preclude binding of another 6 monomer to the other (Jeruzalmi et al., 2001 b ). On 
the other hand, the 6·Bl structure (some details are in Figure 7.1) shows that 6 does not 
interact directly with the B dimer interface. Instead, it interacts with two different 
nearby parts of B to cause disruption of sidechain packing at the dimer interface. 
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Figure 7.1: Interaction of 6 and B- (a) Close up view of 6 acting on the dimer interface 
of B- Leu73 and Phe74 of 6 (green) bind to B, while a4 of 6 displaces a loop at the 
interface of B (red/yellow) resulting in altering al on B, which is an essential element in 
forming the dimer interface. B of wild type B is coloured in yellow; B of 6· B 1 in red; the 
grey surface is the second B protomer in the dimer. (b) B monomers from b·B 1 (yellow) 
and wild type B (blue) are superimposed relative to the middle domain. The rigid body 
motions between domains result in a shallower crescent shape for B in 6· B 1. The 
greatest motion is between Domains II and III which are farthest from the site of 6 
action. ( c) Two B 1 protomers from the b·B 1 complex are shown next to one another, 
assuming that the dimer interface is similar that of wild-type B- This model results in a 
14-16 A gap. This Figure is reproduced from O'Donnell et al. (2001). 
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The first interaction is a hydrophobic one between the tip of Domain I of c 
(Figure 7.la), which resembles a triangular wedge, and a cleft between Domains II and 
III of B- The heart of this interaction involves hydrophobic residues of c (Leu73 and 
Phe74) that fit into a hydrophobic pocket on the surface of the Bl protein (Figure 7.la). 
This binding is most likely to produce the energy that causes helix a4 of c to displace a 
loop at the dimer interface of B- This loop displacement alters the conformation of the 
C-terminal end of helix a 1 of B 1 (particularly at the positions of Ile272 and Leu273), 
which is an essential element in forming the dimer interface (Figure 7 .1 a). It is not yet 
known if c opens the B ring actively or if it stabilises an open conformation, assuming 
that B does equilibrate between open and closed conformations. However, since B is 
very stable as a dimer, it is most likely that c is involved actively in opening the B ring. 
Interestingly, three domains of B 1 in the b·B 1 complex ( compared to the wild-
type B) adopt a shallower crescent shape (Figure 7.1 b; Jeruzalmi et al., 2001 b ). A 
"spring tension" model was proposed, based on modelling and molecular dynamics 
simulations, to explain why the dimer would accept the strain of bending these domains 
into a tighter crescent to form the B ring. In this model, only one of the dimer interfaces 
would need to be disrupted in order for the spring tension to be relaxed in both 
protomers of the dimer. Modelling of two B 1 protomers from the 6· B 1 complex next to 
each other using the interface structure of the wild-type B resulted in a dimer with an 
,___,15 A gap (Figure 7.lc; Jeruzalmi et al., 2001b). This gap is only wide enough for 
ssDNA to pass through, suggesting that dsDNA associates either by threading into the 
gap from its nearby ssDNA loading site, or by further widening of the gap upon binding 
of other subunits. 
7.2.2 The structure of they complex and the mechanism of clamp loading. 
The isolated c subunit was shown to bind to the B clamp in the absence of ATP (Turner 
et al., 1999), while binding of the whole y complex to B is almost completely ATP-
dependent (Hingorani and O'Donnell, 1998). These results indicate that ATP hydrolysis 
is needed to cause conformational changes within the y complex, which lead to 
exposure of the c subunit that is buried within the complex to permit its interaction with 
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~. The structure of the y complex supports this argument of conformational changes 
driven by ATP binding and hydrolysis (Jeruzalmi et al., 2001a). In the rest of this 
Section, I will approach this argument by highlighting firstly the important facts about 
the structure of the y complex, and then relate their implications for the mechanism of 
clamp loading/unloading to the previously described structure of the 6· ~ 1 complex 
(Section 7.2.1). 
Although the crystal structure of the 6' subunit by itself was reported in 1997 
(Guenther et al., 1997), it was not until 2001 that the amazing structure of the y 
complex ( composition, 6 'y36) was reported, giving incisive clues into its functions 
(Jeruzalmi et al., 2001a). The structures of the 6', y and 6 subunits in the y complex 
( J eruzalmi et al., 2001 b) show that they are all members of a superfamily of proteins 
termed the AAA+ ATPases (Neuwald et al., 1999). This family of enzymes/proteins has 
the general structural feature of having three domains (Figure 7 .2a), in which Domains I 
(a) (b) 
Domain II 
Domain I Domain I 
Domain Ill 
Sensor2 
Sensor1 
~~~ii-- P-loop 
BIE 
Figure 7 .2: Structure of the 6 subunit and the general structural features of AAA+ 
proteins. (a) Ribbons schematic presentation of the 6 subunit. The~ interacting element 
(BIE) is shown in yellow. This Figure is adapted from Jeruzalmi et al. (2001 b ). (b) A 
generic AAA+ protein. The domains of AAA+ proteins are shown, as is the BIE that is 
present in the 6 subunit of the E. coli y complex. This Figure is presented after Ellison 
and Stillman (2001). 
and II are anchor domains and together constitute the ATP-binding and hydrolysis 
motif. On the other hand, Domain III has a variable structure that can rotate relative to 
the others in a process that is driven by ATP binding and/or hydrolysis (Figure 7 .2b ). 
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The sensors in Domains I and II control the transmission of the conformational changes 
in response to ATP binding at the P-loop region in Domain I. Although 6' does not bind 
nucleotides, it has the conserved sensor motif, and the motion around Domains I and II 
in 6' is restricted due to the extensive network of inter-domain connections and the 
short linker between Domains II and III. This relative rigidity of the structure of 6' is 
important in the proposed clamp loading mechanism (see below), where 6' has been 
termed the stator subunit of the y complex machine. 
The X-ray structure of they complex revealed a hetero-pentameric arrangement 
of subunits, with stoichiometry 6'y36 (Figure 7.3a). All of the subunits have a similar 
fold composed of three domains as described above for the AAA+ family. However, 
{a) 
~ 
~ interaction element 
{b) 
Domain I 
Domain II 
Domain Ill 
yl y2 y3 
Figure 7.3: Structure of the y complex. (a) Front view of the y complex. The ~ 
interacting element is coloured in yellow. (b) Comparison of the structures of the three y 
subunits after their C-terminal domains are overlaid. This Figure is modified from 
Jeruzalmi et al. (2001a). 
164 
Chapter 7 
each subunit in the complex adopts a very different conformation caused by rigid body 
motions around flexible regions between the domains (e.g., see Figures 7.2 and 7.3b). In 
particular, the structures of the three y subunits (yl, y2, y3) are different (Figure 7.3b). 
The structures of y 1 and y2 represent a closed conformation and are closer to each other 
than either is to that of the y3 subunit, which adopts a more open conformation 
(Domain III points away from Domains I and II; Figure 7.3b). This more open 
conformation of y3 gives important clues for understanding clamp loading mechanism 
(see below). 
In each of the pairs of subunits in the y complex, the Sensor I region of the first 
subunit is positioned near the ATP-binding site of the next one, blocking its access to 
ATP. As a result, the complex has three ATP-binding sites at the junctions between 
6 '/y 1, y 1 /y2 and y2/y3. There is an extensive interface between Domains I and II of y 1 
and y2, with the result that the Sensor I region of y 1 is buried at its heart. On the other 
hand, the interface between y2 and y3 is widely open and involves minimal contacts 
between their Domains I and II. Interestingly, the nucleotide binding site at the interface 
between 6' and y 1 is also widely open and the rigidity of the motions among the 
different domains of 6' is likely to cause this interface to stay continuously open to 
provide access for ATP to the nucleotide-binding site of the yl subunit. 
Based on the above structural information on the y complex and the fact that all 
the subunits of the complex are members of the AAA+ family of ATPases, Jeruzalmi et 
al. (2001 a; 2001 b) proposed a model mechanism for ~ clamp loading. This model is 
based on the assumption that binding of ATP at the ATP-binding site of Domain I of 
one y subunit in the complex would alter its Sensor region, causing Domain III to open. 
This would disrupt its interface with the next subunit it pairs with. This in tum exposes 
the ATP-binding site at the next subunit interface. Therefore, the events leading to 
clamp loading are (see Figure 7.4): (1) An ATP molecule selectively binds to the ATP-
binding site of yl. This selectivity occurs because the 6' /yl interface is always open. On 
the other hand, 6' has a relatively rigid structure which enables it to act as "stator" 
throughout the clamp-loading cycle. (2) This binding alters the conformation of the 
Sensor element of the yl subunit, perhaps causing yl to fall away from y2. (3) The y2 
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subunit becomes loosely bent ( cf y3 in the crystal structure; Figure 7 .3 b) allowing ATP 
to access its binding site, which in turn disrupts the y2/y3 interface. ( 4) Another ATP 
molecule binds to the y3 subunit, which causes its Domain III to open ( as observed in 
the crystal structure; Figure 7.3b). (5) The result of this is the movement of o away from 
o', causing the ~ interacting element of o to be exposed to interact with the ~ dimer and 
open it. (6) Interaction with DNA leads to hydrolysis of all these bound ATP molecules 
and closing of the ~ ring about the DNA template. 
6' y1 y2 y3 6 
• 
ATP binds 
first at the open · 
o-y interface 
without ATP, 
the y complex closes, 
releasing~ 
y1 opens, allowing 
ATP to bind to y2, 
then to y3 ~t' 
. I,; 
.. rr 
DNA and~ 
stimulate ATP hydrolysis 
y3 opens, pulling 
o away from o', 
allowing ~ to bind 
o-B interaction 
opens the ring 
Figure 7 .4: Schematic diagram of the clamp loading cycle. This Figure is reproduced 
from Jeruzalmi et al. (2001 b) 
The described structure of the y complex (Figure 7 .3a) shows an open 
conformation in which o is exposed and available to interact with the B clamp. 
However, the biochemical studies indicate that within the y complex, o is buried by 
association with o' and ATP hydrolysis is needed to expose it. In order to explain how 
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6' shields 6 in the complex prior to binding the B clamp, Jeruzalmi et al. (2002a) 
generated a model of a closed form of the y complex (Figure 7 .5). In general terms, this 
model was generated by substituting the widely open y3 subunit with y in a closed 
conformation, while maintaining proper subunit-subunit interactions on the basis of the 
crystal structure (see the legend of Figure 7 .5 for a detailed description of how the 
model was generated). This model suggests that once the y3 subunit closes upon y2, the 
tracking of this movement by Domains I and II of 6 results in the B interacting element 
of 6 (helix a4; see Figure 7.3a) landing on the structure _of the N-terminal domain of 6', 
close to what would be the nucleotide-binding site of y (Figure 7 .5 cf 7 .3a). It should be 
noted that ATP was not present in the buffer used for crystallisation of the y complex, 
yet the complex adopts the open conformation that is required to interact with the B 
clamp. The explanation for this observation is not clear, but it might be an effect of the 
high concentrations of salt and polyethylene glycol, or the effect of crystal packing 
forces. 
Domain I 
of6' __ _ 
Figure 7.5: Model of the closed (nucleotide-free) conformation of they complex. The 
y l-y2 pair of subunits in the crystal structure was replicated and moved forward by one 
position in the assembly by superimposing the C-terminal domain of y 1 in the new y 1-
y2 pair on that of y2 in the crystal structure. The transformed y2 is shown here in the 
position corresponding to y3 (blue). Domains I and II of 6 (magenta) were moved as a 
rigid body so as to preserve their orientation with respect to Domain I of y3. The edge 
of Domain I of 6 interacts with the face of 6' such that the B-interacting element 
(yellow) packs against the small hydrophobic patch on the 6' surface. The clash 
between the edge of Domain I of 6 and the 6' subunit could be relieved by small 
adjustments in other subunits, but this was not modelled. This Figure is reproduced 
from Jeruzalmi et al. (2001a). 
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Upon binding of the B subunit at a primer terminus, two subsequent events 
should take place. Firstly, the B subunit should regain its dimeric state (i.e . , the y 
complex has to dissociate), and secondly, the core subassembly has to bind to the B ring 
to commence DNA synthesis with high processivity. The holoenzyme seems to 
overcome this problem simply by having both of the a and 6 subunits compete to bind 
to the same region on the B ring (near the C-terminus; Naktinis et al., 1996). The 
affinity of they complex for B is 30-fold greater than that of the core. However, in the 
presence of DNA, this affinity is reversed (N aktinis .et al., 1996). This differential 
affinity upon substrate binding enables a molecular switch that clamps B to the primer 
terminus by the action of the y complex, then replaces the y complex with the core. 
Interestingly, the ATPase activity of they complex upon binding to DNA increases by 
,___,100 fold (Onrust et al., 1991). It is suggested, based on the recent structures of they 
and 6·B 1 complexes, that following ATP hydrolysis, ADP binds less tightly to the 
Sensor regions. The flexibility of the y complex to adopt the more closed conformation 
(Figure 7 .5) results in closing of B about the DNA and release of the y complex. 
There is a fundamental requirement for DNA synthesis on the lagging strand 
that the core dissociate from the B clamp and that B be recycled. Since B can slide freely 
over dsDNA but not ssDNA, Pol III will lose its processivity and rapidly dissociate 
upon reaching the 5' end of the preceding primer (Stukenberg et al. , 1991), leaving the 
B clamp behind, which then needs to be recycled by another y complex (Stukenberg et 
al. , 1991; Stukenberg et al., 1994). The mechanism by which the y complex 
disassembles B is most likely related to B clamp assembly. Loading of a new B clamp 
and core to elongate the new Okazaki fragment takes place by a similar mechanism to 
that at the previously-used primer. 
7.3 Role of the carboxy-terminus of the "t subunit and structural 
model for DNA polymerase III holoenzyme at the replication fork 
The two core subunits of Pol III that replicate the leading and the lagging 
strands bind to the clamp loader complex via the -c subunit (Studwell-Vaughan and 
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0 'Donnell, 1991 ). Therefore -c is the key element that organises the components of the 
Pol III holoenzyme. The presence of the -c subunit is essential for cell viability 
(Blinkova et al., 1993). The sequence of-c consists of the three domains of y, extended 
by a further pair of C-terminal domains (Figure 7 .6). Whereas E. coli cannot survive in 
the absence of -c, it can in the absence of y (Bruck and O'Donnell, 2000). This clearly 
shows the importance of the C-terminal sequence of -c in the function of the 
holoenzyme. The -c subunit can fully substitute for the y subunit as a clamp loader in the 
presence of & and&' (Omust and O'Donnell, 1993). 
oo'x'l!J-binding DnaB-binding a-binding 
dnaXI II 111 IV V I I I I 
1 179 221 382 496 643 
643 
y 
431 
Figure 7.6: The five domains of the 't subunit and their interactions. This Figure is 
reproduced from Glover et al. (2001 ). 
Proteolysis studies suggested that -c is composed of five domains, the first three 
of which constitute the y subunit (Figure 7 .6). Domains I and II apparently do not have 
binding functionality (Gao and McHemy, 2001a; Glover et al., 2001). Domain III was 
shown to be responsible for binding X, tµ, & and&' (Gao and McHenry, 2001a; Glover et 
al., 2001). Domain IV interacts with the DnaB helicase (Gao and McHenry, 2001b) 
while Domain V binds to the polymerase a subunit (Gao and McHemy, 2001c). On the 
other hand, the recent structure of they complex (Jeruzalmi et al., 2001a) indicates that 
Domains I and II are involved in binding and hydrolysis of ATP to generate the 
required conformational changes of Domain III to allow interaction with & ' ( & ' interacts 
with &). The interaction of Domain IV of -c with DnaB stimulates its helicase activity 
and restores the replication rate of inefficient forks reconstituted with only the y subunit 
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(Dallmann et al., 2000). This interaction with DnaB suggests an important role for -r in 
linking initiation and elongation steps at the replication fork. 
The structure of the clamp loading complex has three y subunits (Jeruzalmi et 
al., 2001a). At least two of these need to be substituted with -r in the Pol III holoenzyme 
to dimerise the core (Figure 7. 7). It is also possible that all three y subunits can be 
(a) (b) 
Pol Ill cores 
/ " 
361 406 
(c) (d) 
Figure 7.7: They complex organises the replisome. (a) The y complex in Pol III 
contains at least two -r subunits in place of two y subunits. The C-terminal domains of -r 
interact with DnaB, and each 't is shown with one core. The illustration shows three 
different y complexes, each of which contains two 't subunits; the structures only differ 
with respect to which y subunit is replaced by -r. Also shown is Pol III containing three -r 
subunits ( and cores) in place of the y trimer. (b) The motor domains in 't are separated 
from Pol III- and DnaB-binding domains by a sequence which may be flexible. (c) The 
carboxyl termini of the y subunits in y366' protrude from the top, implying the 
approximate location of the protein-binding domains IV and V in the y1-r266' complex. 
( d) Architecture of the E. coli replisome with the C-terminal sequences of -r adjacent to 
the polymerases. Both cores are shown with their ~ clamps, and the y/-r complex has 
hold of a ~ clamps for repeated clamp loading events that occur on the lagging strand. 
This Figure is reproduced from O'Donnell et al. (2001). 
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substituted with -r, because -r can efficiently substitute for the y subunit in the clamp 
loading mechanism (Onrust and O'Donnell, 1993). The different possible arrangements 
of the holoenzyme are shown in Figure 7.7a. Having three cores is a possible 
arrangement, presumably one acting at the leading strand while two alternate on the 
lagging strand. This is supported by the observations that an E. coli strain that lacks the 
translational frameshifting site in the dnaX gene survives, and that reconstitution from 
their components indicates that such holoenzymes contain three polymerases 
(O'Donnell et al., 2001). In addition, many bacterial species have only -r and no y 
(O'Donnell et al., 2001). 
It is suggested that the C-terminus of the y subunit, from which the C-terminus 
of 't extends, is mobile (if not flexible), because it contains many pralines and 
hydrophilic residues (Figure 7. 7b ). Therefore, the DnaB- and a-interacting domains 
(Domains IV and V) are probably connected to they complex through a more-or-less 
flexible hinge region. Considering that the holoenzyme contains two 't subunits, the 
arrangement of they complex is probably as shown in Figure 7.7c. Connecting the core 
subunits and DnaB with their binding sites in 't, and two ~ subunits tethering the cores 
to the leading and lagging strands, represents our current understanding of holoenzyme 
structure at the replication fork (Figure 7. 7 d). 
The mobile region of 't has two important functional roles in the Pol III 
mechanism. Firstly, it gives the cores flexibility to continuously shift their orientations 
to cope with the helical geometry of the dsDN A product. Secondly, it might assist in the 
smooth interchange between the y complex and the core subunits in binding to the ~ 
clamp. Since both the binding sites for the a subunit and the y complex on ~ overlap, 
the y complex has to move away to allow the a subunit to bind to ~-
7.4 Where to next with the structure of the E. coli replisome? 
In the last 10 years, many structures of replisomal proteins have been 
determined (Section 7.1). In the last three years especially, a notable increase in 
available structures of replication proteins has occurred. This resulted partly from our 
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increased understanding of the associations among separate proteins in the replisome, 
and among their domains. However, we still need to determine further structures of 
proteins and their complexes before being able to reconstruct a structural map of the 
whole replisome. 
We do not yet have a high-resolution structure of the DnaB helicase. Despite the 
fact that this protein can be crystallised easily, the crystals do not diffract. This may be 
the result of an equilibrium transition between two different rotational symmetry states 
(C3 and C6) in the molecule (Donate et al., 2000). Finding a way to freeze DnaB in one 
of these conformations might help in obtaining ordered crystals that diffract X-rays. On 
the other hand, we need also to structurally characterise the interactions of DnaB with 
other proteins at the replication fork. These include its complexes with Domain IV of 
the 't subunit (Kim et al., 1996; Glover et al. 2001 ), the C-terminal domain of primase 
(Tougu and Marians, 1996) and the N-terminal domain of DnaC (Ludlam et al., 2001). 
Another approach to obtain structural information on DnaB would involve proteolysis 
of its C-terminal region (where the structure is not known), in conjunction with study of 
the interactions of the proteolytic fragments with other replisomal proteins 
With respect to primase, we still lack the structure of the C-terminal domain that 
interacts with DnaB, while in the case of SSB, we do not know the structure of the C-
terminal domain. SSB also interacts with the x subunit of the Pol III y complex (Glover 
and McHenry, 1998; Kelman et al., 1998), which is yet another interaction that is not 
well characterised. 
DnaC is an interesting protein in the sense that it can be expressed in soluble 
form and is still monomeric at millimolar concentrations, but it has a very mobile 
structure (as determined by NMR; S.E. Brown and G. Otting, unpublished data). 
However, once it is in complex with DnaB, it appears to be firmly structured and to be 
dimeric, as suggested by cryo-electron microscopy of the complex (Barcena et al., 
2001). Therefore, we need now to map the interactions between DnaB and DnaC or 
domains from each one of them to gain further structural information about the two 
proteins. 
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In the case of Pol III holoenzyme, we have seen great advances in the last three 
years. Of the proteins in the core subassembly, the structures of the polymerase 
subunit a and the full-length E are not known. Perhaps the best approach to solve these 
structures would be to crystallise a with the proteins it interacts with, such as Domain V 
of -c, wild-type E, and/or the sliding clamp ~- The C-terminal domain of the -c subunit, 
which plays a central role in the holoenzyme through its interactions with a and DnaB, 
should be characterised extensively. It is also important to continue to investigate the 
interactions among the different proteins in the replisome so we can utilise them in 
making complexes that can be crystallised. Furthermore, we need to understand the 
roles of the various flexible regions in the proteins, which might give us hints about 
how freely the different subunits move and the impo1iance of this mobility for DNA 
synthesis. 
Considering the progress that has been achieved in determination of structures 
of replication proteins, we should soon be in a position to contemplate reconstruction of 
a complete structural model for the replisome. 
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The structured core of the N-terminal 3'-5' exonu-
clease domain of e, the proofreading subunit of 
Escherichia coli DNA polymerase III, was defined 
by multidimensional NMR experiments with uni-
formly 15N-labeled protein: it comprises residues 
between Ile-4 and Gln-181. A 185-residue fragment, 
termed e{l-185), was crystallized by the hanging 
drop vapor diffusion method in the presence ofthy-
midine-5' -monophosphate, a product inhibitor, and 
Mn2 + at pH 5.8. The crystals are tetragonal, with 
typical dimensions 0.2 mm x 0.2 mm x 1.0 mm, grow 
over about 2 weeks at 4°C, and diffract X-rays to 2.0 
A. The space group was determined to be P4~12 (n = 0, 1, 2, 3), with unit cell dimensions a= 60.8 A, 
C = 111.4 A. © 2000 Academic Press 
Key Words: crystallization; dnaQ; DNA replication; 
exonuclease; proofreading; protein NMR; structure. 
DNA polymerase III (pol III) holoenzyme is the 
principal replicative polymerase in Escherichia coli 
and is composed of a core of three subunits, a, E, and 
0, and seven other accessory subunits that together 
contribute to the astonishing efficiency, processivity, 
and fidelity of the holoenzyme (Kelman and 
O'Donnell, 1995). The large a subunit contains the 
polymerase active site, while E (242 residues, 28 
kDa) , the product of the dnaQ gene (Scheuermann et 
al., 1983) , is the 3'-5' exonuclease subunit that 
serves as the proofreader and thereby contributes to 
the high fidelity of DNA synthesis. That the poly-
merase and exonuclease active sites are present on 
separate subunits of pol III is an unusual situation, 
since in most DNA polymerases, determinants of 
both activities reside in a single polypeptide chain 
(Kunkel, 1988). Although the function of the small 0 
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subunit is uncertain, it is the only one of the three 
core subunits whose structure has been solved, by 
multidimensional NMR methods (Keniry et al., 
2000). 
It has recently been reported that the E subunit is 
composed of two domains: a 20.5-kDa N-terminal 
domain that bears the exonuclease active site and 
interacts with 0 and, following a Q-linker sequence 
presumed to be flexible, a smaller C-terminal do-
main that interacts with a (Perrino et al. , 1999; 
Taft-Benz and Schapper, 1999) . This finding is con-
firmed by some earlier unpublished observations 
from this laboratory (Thompson, 1992; Yang, 1998) 
that are described briefly below. The interaction of E 
and a stimulates the polymerase activity of a 2-fold 
and stimulates the exonuclease activity of E on mis-
matched DNA primer templates by 10- to 80-fold 
(Maki and Kornberg, 1987). Alignment of the amino 
acid sequence of E with a series of most closely re-
lated proteins thought to serve as proofreading exo-
nucleases in other bacterial species indicates that 
the N-terminal exonuclease domain is well con-
served, but that the C-terminal portion that inter-
acts with a is not, and suggests that the domain 
boundary occurs between residues 170 and 180 
(Fig. 1) . 
Amino acid alignments among polymerase-associ-
ated 3'-5 ' exonucleases have shown several con-
served motifs (Exo I , Exo II , and Exo III-E; Barnes et 
al., 1995; Blanco et al., 1992; Koonin and Deutscher, 
1993; Koonin, 1997) that contain conserved acidic 
residues that are presumed, by analogy with DNA 
polymerase I (Beese and Steitz, 1991; Derbyshire et 
al., 1991) , to interact with two divalent metal ions 
that participate in phosphodiester bond cleavage (cf. 
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FIG. 1. Alignment of the sequence of Escherichia coli E (Eco) with that from Salmonella typhimurium (Sty; GenBank 2506367) and 
putative E subunits from 12 other bacterial species: Haemophilus influenzae (Hin, 1169396) , Buchnera aphidicola (Bap, 2833216) , 
Rickettsia prowazekii (Rpr, 6685391) , Treponema pallidum (Tpa, 6014996) , Thermatoga maratima (Tma, 4981007) . Deinococcus radio-
durans (Dra, 6458571) , Streptomyces coelicolor (Seo, 6117870) , Archaeoglobus fulgidus (Aiu, 2649627) . Mycobacterium tuberculosis (Mtu, 
2960135) , Chlamydia trachomatis (Ctr, 3328974), Aquiflex aeolicus (Aae, 6014995), and Chlamydophila pneumoniae (Cpn, 4376954). 
These sequences were chosen as those that showed the highest degree of similarity to E.coli E in a BLAST search (Altschul et al., 1997) , 
after excluding those that were linked in the same polypeptide chain to domains with other functions (i.e. , putative polymerase or helicase 
domains) . The alignment is based directly on the BLAST multiple-alignment output. Residues identical to those in Eco E are shown in 
black, while those that represent conservative substitutions (as defined in Altschul et al. , 1997) are shown in gray. The previously defined 
Exo motifs (Barnes et al., 1995) are indicated . The eight residues in Eco E that are identical in all sequences (marked .A.) comprise D 11, 
E13 , D102, H161 , and D166, which are preswned to be in the active site and may be involved in metal-ion coordination, as well as the 
residues G16 , P53, and L144 . The 13 residue types that are conserved (marked 6 ) are represented in Eco Eby TIS , 129 , 130, LSI , I67 , 172, 
V81 , V95 , H97 , M106, L147 , A163, and Il69 . Most of these are aliphatic hydrophobic residues that most likely contribute to the 
hydrophobic core of the molecule . 
Fig. 1) . By using several dnaQ mutants, Taft-Benz 
and Schapper (1999) showed the importance of the 
Exo motifs in the N-terminal domain for E catalysis , 
and Perrino et al. (1999) showed that the iso-
lated N-terminal domain is active alone as an exo-
nuclease. 
Initially, we constructed a new thermally induced 
overproducing strain for full-length E following in-
sertion of dnaQ into the A-promoter vector, pND201 
(Elvin et al., 1990), to give pPL224 and purified the 
protein by a published procedure (Scheuermann and 
Echols, 1984) that involved its refolding from solu-
tions in 6 M guanidinium chloride (Thompson, 
1992). Attempts to crystallize the protein were not 
successful. A degradation product of E (E0 p) was ob-
tained by chance during dialysis of one particular 
batch of protein, presumably as a result of proteol-
ysis by an unidentified protease present as an im-
purity (Fig. 2). The protein had an apparent size of 
23 .5 kDa as judged by SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE), a molecular weight of 
20 600 as determined by sedimentation equilibrium 
experiments, and the same N-terminal amino acid 
sequence as determined for full-length E, STAITR-
QIVL- (Thompson, 1992) . Proteolysis of another 
batch of full-length E with chymotrypsin under na-
tive conditions cleanly generated a fragment k cH) 
that had the same N-terminal sequence, a molecular 
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FIG. 2. Digestion of the e subunit of pol III with chymob.ypsin 
produces a stable fragment (eci-0 -The e subunit (45 µ,g) in 25 mM 
Tris· HCl, pH 7.5 , 1 mM DTT, 5 mM MgC12 , 50 mM NaCl, 15% 
glycerol (100 µ,l) was treated at 37°C with 0.9 µ,g of chymotrypsin. At 
the indicated times, samples (corresponding to 7.5 µ,g of e) were 
withdrawn and analyzed by SDS- PAGE (15%) . Proteins were visu-
alized by staining with Coomassie blue. Samples of the untreated e 
subunit (e) and the isolated adventitious degradation product (E-op) 
were included as controls. The mobilities of marker proteins (sizes in 
kDa) were as indicated. For preparative isolation of EcH, e (0.56 mg) 
was treated with chymob.ypsin (1 µ,g) in 1 ml of 25 mM Tris · HCl, 
pH 7.5, 1 mM DTT, 5 mM MgC12 , 25 mM NaCl (Buffer S) for 48 hat 
4°C. Pure EcH• which was eluted from a column (1 ml) of Mono-Q 
anion-exchange resin (Pharmacia) in a 25- 200 mM gradient (10 ml) 
of NaCl in Buffer S, was assayed for activities and physically char-
acterized as described in the text. 
weight of ~ 21 000 as determined by gel filtration, 
and a mobility just less than that of Eop in SDS-
PAGE experiments (Fig. 2). The three proteins , E, 
Eop, and Ec H, had comparable activities in a proof-
reading assay using oligo(dT) 16 ([3H]dC) 6 annealed 
to poly(dA)z00 as template, and both E and EcH pro-
moted the hydrolysis of the p-nitrophenyl ester 
of thymidine-5'-monophosphate (pNP-TMP) with 
comparable turnover numbers (Thompson, 1992). 
This demonstrated that an N-terminal domain of E 
could be isolated and that it bore the exonuclease 
active site. Attempts at the time to determine its 
size more precisely by mass spectrometry (MS) were 
not successful, so we predicted from examination of 
the sequence and pattern of fragments produced by 
chymotrypsin treatment (Fig. 2) that EcH termi-
nated at residue Phe-186 and that Eop was just 
slightly smaller. 
To express the N-terminal domain, we chose 
therefore to introduce a TM stop codon after the 
0 
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FIG. 3. 600 MHz 15N HSQC spectrum of [15N]e(l - 185) in 
phosphate buffer, pH 6.5, recorded at l0°C. Narrow resonances 
originating from mobile residues at the termini of the protein are 
identified with their assignment. 
Ala-185 codon of dnaQ in a derivative of pPL224 by 
oligonucleotide-directed mutagenesis, which gave 
plasmid pJY764 (Yang, 1998). A strain containing 
this plasmid produced large quantities of E(l-185) in 
insoluble form on treatment at 42°C, and the protein 
was purified initially following unfolding and rena-
turation as for the full-length protein. Its activity in 
pNP-TMP hydrolysis was verified, and its molecular 
weight (calculated to be 20 587. 7) was confirmed by 
electrospray ionization (ESI)-MS (Yang, 1998). The 
protein could be concentrated to > 2 mM in 10 mM 
sodium phosphate, pH 6.5, 0.2 mM dithiothreitol 
FIG. 4. A crystal of e(l - 185) grown in the presence of 5 mM 
Mn2 + and 5 mM TMP. Typical dimensions of crystals are 0.2 
mm x 0.2 mm X 1.0 mm . 
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FIG. 5. X-ray diffraction image obtained from a crystal of E(l - 185) . The crystal was rotated through 1.0° at a temperature of 100 K. 
The diffraction limit occurs at 2.0 A. 
(DTT), 2.5 mM MgC12 , 0.2 M NaCl (Buffer A) , and 
samples were used for preliminary NMR experi-
ments, which indicated that E(l - 185) behaved as a 
monomer even at these concentrations and was well-
structured and that there were very few mobile res-
idues. However, it showed a pronounced tendency to 
aggregate at elevated temperatures; a heavy precip-
itate appeared within minutes at temperatures 
above 35°C and within 24 h at 20°C. 
Reasoning that E(l-185) was likely to be unfolding 
in vivo on expression at 42°C, we transferred the 
mutant dnaQ gene from pJY764 into the T7-pro-
moter vector pETMCSII (a derivative of pET3c; 
Studier et al., 1990) to give pSH1018. The strain 
BL21::DE3/pLysS/pSH1018 overproduced soluble 
E(l-185) on treatment with isopropyl-/3-thiogalacto-
side (IPTG) at 30°C, and the protein could be puri-
fied in yields of about 15 mg/liter of culture by frac-
tionation with ammonium sulfate and two steps of 
anion-exchange chromatography without denatur-
ation and refolding. Protein prepared in this way 
was used for crystallization. Expression at 37°C 
gave largely insoluble E(l-185). 
To prepare uniformly 15N-labeled E(l-185) for 
NMR studies, BL21::DE3/pLysS/pSH1018 was 
grown at 30°C in minimal medium containing 0.5 
g/liter 15NH4Cl, essentially as described (Weigelt et 
al., 1999). When A 595 reached 0.5 , IPTG was added 
to 1 mM and growth was continued for a further 4 h. 
Cells were harvested and [15N]E(l-185) was purified 
as for the unlabeled protein. Selenomethionine (Se-
Met)-substi tuted E(l-185) was prepared similarly, 
from cells grown at 30°C in the medium described by 
Van Duyne et al. (1993). Essentially complete incor-
168 CRYSTALLIZATION NOTE 
poration of SeMet at six positions in E(l-185) was 
confirmed by ESI-MS. 
For NMR, [15N]E(l - 185) was dialyzed extensively 
against Buffer A at 4 °C and then concentrated by 
use of an Ultrafree-4 centrifugal filter unit (Milli-
pore). The sample used for all measurements con-
tained [15N]E(l-185) at 2.2 mM in Buffer A contain-
ing 10% D2O. NMR spectra were recorded at 10°C, 
under which conditions < 10% of the protein precip-
itated over the course of 7 days of data collection 
with a Bruker DMX-600 NMR spectrometer. A 15N 
HSQC spectrum showed good dispersion in the 
amide NH region (Fig. 3), consistent with the pro-
tein being structured and containing substantial 
amounts of {3-sheet structure. The protein contains 
184 backbone and 19 side-chain amides. About 200 
amide resonances were resolved in the 15N HSQC 
spectrum (Fig. 3). 1 H NMR linewidths of the amide 
protons were about 35-45 Hz at l0°C, suggesting 
that [15N]E(l-185) is a monomeric globular domain. 
A series of narrow resonances ( < 20 Hz) was sequen-
tially assigned using a homonuclear TOCSY exper-
iment (Briand and Ernst, 1991) and a 3D NOESY 
15N HSQC (Tm = 100 ms) experiment (Talluri and 
Wagner, 1996) to mobile residues at the N- and 
C-termini of E(l-185), specifically to residues Ala-3 
to Thr-5 and residues Gly-180 to Ala-185. The 1H 
NMR resonances of the side chains of these residues 
were observed at random coil chemical shifts in the 
TOCSY experiment, which was recorded at 25°C (cf. 
Miles et al., 1997). Nevertheless, long-range NOEs 
to other unidentified protons were observed in the 
3D NOESY 15N HSQC spectrum with the side 
chains of Ile-4 and Gln-181 , which suggests that 
these residues are not entirely mobile. We conclude 
from these experiments that the structured core of the 
N-terminal domain of E comprises residues 4 to 181. 
Primarily because of the necessity to work at low 
temperature, it will be difficult to complete NMR 
resonance assignments. However, we anticipate 
that at least half of the resonances in the 15N HSQC 
spectrum can be assigned once the crystal structure 
becomes available, using a novel structure-based as-
signment protocol (G. Otting, unpublished results). 
The availability of partially assigned NMR data will 
then be useful in determining regions of E that in-
teract with metal ions, nucleotides, and DNA, as 
well as with 0 and other subunits of pol III. 
For crystallization, E(l-185) was dialyzed over-
night in 50 mM Na · HEPES, pH 7.5 , containing 2 
mM DTT. The protein was concentrated to 11.5 
mg/ml as described above. Initial screens to estab-
lish crystallization conditions were performed with 
three sets of samples-with the protein alone, pro-
tein with 5 mM MgC12, and protein with 5 mM 
MnSO4 and 5 mM TMP. Crystals suitable for dif-
TABLE I 
2.0 A Diffraction Intensity Statistics 
for Crystals of E(l-185) 
Resolution Average Completeness 
shell (A) I I a-([) x2 R symm (%) 
15.00- 3.62 27.0 1.210 0.032 84 .7 
3.62- 2.88 30.2 1.197 0.039 98.3 
2.88- 2.52 21.2 1.029 0.058 99 .7 
2.52- 2.29 15.1 0.799 0.078 99.2 
2.29- 2.12 8.6 0.723 0.121 80.6 
2.12- 2.00 5.0 0.779 0.147 90.5 
15.00- 2.00 19.2 0.970 0.052 92.1 
fraction experiments were finally grown by the va-
por diffusion method in hanging drops at 4°C. The 
reservoir solution contained 20 to 21 % polyethylene 
glycol (PEG-8K) in 0.1 M cacodylate, pH 5.8. The 
drop contained 3 µJ of protein, 5 mM TMP, and 5 
mM MnSO4 mixed with 3 µJ of reservoir solution. An 
amorphous precipitate was observed after 5 to 7 
days, and crystals grew from the mixture after a fur-
ther 7 to 10 days (Fig. 4). The crystal habit is that of a 
tetragonal prism, of variable length to 1 mm and cross 
section 0.2 mm X 0.2 mm. Crystals were obtained at a 
range of pH values between 5.8 and 6.5, with initial 
PEG-8K concentrations between 9 and 11 %. 
The crystals were transferred to 20 µJ of 
cryobuffer (30% PEG-8K in 0.1 M cacodylate, pH 
5.8) and then flash cooled in a nitrogen gas stream at 
100 K using the modifications to a Rigaku Raxis-IIC 
detector described by Carr et al. (1996). The X-ray 
generator produced CuKa radiation at a power of 5 
kW (60 kV, 84 mA). Data, collected at 100 K, were 
processed using the program HKL (Minor, 1993; 
Otwinowski, 1993). Diffraction extended beyond 2 A 
(Fig. 5). The data set comprised 86 992 observations 
of 13 606 unique reflections (Table I) in space group 
P4 n2 1 2 (n = 0, 1, 2, 3). Postrefined values of the 
unit cell were a = 60.8, c = 111.4 A. A Matthews' 
coefficient Vm (Matthews, 1968) of 2.5 A3/Da was 
obtained with one monomer in the asymmetric unit. 
Although we expect the structure of the protein to 
be related to those of 3'-5' exonucleases like the 
proofreading domain of DNA polymerase I (Ollis et 
al. , 1985) , the use of known structures as models for 
solution of the structure of E(l-185) by molecular 
replacement has so far proven unsuccessful. This is 
not surprising since sequence identity with any pro-
tein whose structure is solved, beyond the Exo I and 
Exo II motifs described above, is virtually undetect-
able. Although SeMet-substituted E(l - 185) could be 
prepared , with a view to phasing by MAD , the pro-
tein was considerably less soluble than the unsub-
stituted specimen, and to date our attempts to crys-
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tallize it have failed. A search is under way for 
suitable heavy-atom derivatives. 
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National University for N-terminal protein sequence determina-
tion . Part of this work was supported by a Fellowship (to S.E.B.) 
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Summary 
The e subunit of the Escherichia coli replicative DNA 
polymerase Ill is the proofreading 3'-5' exonuclease. 
Structures of its catalytic N-terminal domain (e186) 
were determined at two pH values (5.8 and 8.5) at 
resolutions of 1.7-1.8 A, in complex with two Mn(II) 
ions and a nucleotide product of its reaction, thymidine 
5' -monophosphate. The protein structure is built 
around a core five-stranded 13 sheet that is a common 
feature of members of the DnaQ superfamily. The 
structures were identical, except for differences in the 
way TMP and water molecules are coordinated to the 
binuclear metal center in the active site. These data 
are used to develop a mechanism fore and to produce 
a plausible model of the complex of e186 with DNA. 
Introduction 
Fidelity of DNA replication is determined by three pro-
cesses: base selection by a DNA polymerase, editing of 
polymerase errors by an associated 3'-5 ' exonuclease, 
and postreplicative mismatch repair [1, 2]. In Escherichia 
coli, these processes contribute to duplication of the 
genome by the replicative DNA polymerase Ill (Pol Ill) 
holoenzyme with error frequency rv10- 10 per base pair 
replicated [3]. DNA polymerases have been classsified 
into families on the basis of sequence and presumed 
structural similarity to three of the distinct DNA polymer-
ases of E. coli, Pol I (family A), Pol II (family B, including 
the archaebacterial and eukaryotic DNA polymerases a, 
8, and E), and Pol Ill (family C). In recent years, determina-
tion of the structures of members of the Pol A and Pol 
B families [4-15] has led to a good understanding of 
their mechanisms of DNA synthesis [16-20]. However, 
there is no structure yet solved of a polymerase from 
the Pol C family. 
The Pol Ill holoenzyme is comprised of a core of three 
subunits, a, E, and e, and seven accessory subunits 
that together contribute to its extraordinary efficiency, 
processivity, and fidelity [21, 22]. Within the core, the 
large a subunit contains the polymerase active site, 
while E (242 residues), the product of the dnaQ gene [23], 
is the 3'-5' exonuclease that serves as the proofreader. 
That the polymerase and exonuclease active sites are 
present on separate subunits is an unusual situation, 
since in most DNA polymerases, determinants of both 
activities reside in a single polypeptide chain [21 , 24]. 
1Correspondence: dixon@rsc.anu.edu.au 
2 These authors contributed equally to this work. 
This may allow control of the proofreading exonuclease 
separate from the polymerase activity, for example, in 
the SOS mutagenic response [25, 26]. Although the 
structure of the small e subunit has been determined 
by NMR spectroscopy [27], its function is still uncertain. 
The E subunit is comprised of two domains: a 1 85-
residue N-terminal domain (called E186) that bears the 
exonuclease active site and interacts withe [28, 29], and, 
following a Q-linker sequence presumed to be flexible, a 
smaller C-terminal domain that interacts with a [28, 30]. 
The N-terminal domain of the E.coli enzyme is the arche-
typal member of the DnaQ superfamily of 3'-5 ' exo-
nucleases [31 ], which includes not only all of the replica-
tive proofreading enzymes, but also many exonucleases 
involved in other aspects of nucleic acid metabolism. 
Historically, amino acid alignments among polymerase-
associated 3'-5 ' exonucleases first showed several 
conserved motifs (Exol, Exoll, and Exolll; Figure 1 A) 
[32-34] that contain carboxylate residues presumed by 
analogy with the structure of the corresponding domain 
of Pol I [4] to interact with two divalent metal ions that 
participate in phosphodiester bond cleavage [35-37]. 
The canonical Exolll motif is absent in E and other proof-
reading exonucleases associated with Pol C family poly-
merases, being substituted by an alternative motif 
named ExolllE [38, 39]. 
A wider examination of sequence conservation within 
the DnaQ superfamily subsequently suggested that it 
could be divided into five subfamilies A-E, with the DNA 
polymerase-associated enzymes grouped in subfamily 
A [40]. The structural significance of this evolutionary 
division is not yet clear. What now seems likely, based 
in part on the work reported here, is that structures 
of the replicative proofreading domains (and probably 
others as well) can be subdivided depending on the 
occurrence of a particular tyrosine or histidine residue 
that precedes a strictly conserved aspartate, usually by 
four (for Tyr, in the Exolll motif) or five residues (for His, 
in the ExolllE motif). For the moment, we designate these 
two structural subfamilies DnaQ-Y and DnaQ-H, respec-
tively. The corresponding residue in E is His1 62, which 
is shown here to be at the active site and critically in-
volved in the mechanism. 
It is also apparent that the DnaQ-H structural subfam-
ily is itself not restricted to replicative proofreaders, but 
contains members that function, for example, in DNA 
repair or RNA degradation (like exonuclease I and oligo-
ribonuclease). The crystal structure of one member of 
this subfamily has been reported, that of E. coli exo-
nuclease I at 2.4 A resolution [41 ]. Although the catalytic 
domain of exonuclease I is distantly related in sequence 
to the N-terminal domain of E, its topology and structure 
are shown here to be very similar. 
Alignment of the amino acid sequence of E with a 
series of most closely related proteins thought to serve 
Key words: binuclear metallohydrolase; DNA polymerase Ill ; DnaQ; 
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X-ray crystallography 
Structure 
536 
A 
DnaQ : 2 
ExoI, 
Figure 1. Structure of the N-Terminal Domain 
of the E (Pol Ill) Proofreading Exonuclease 
-
-4-•a•1 i.>· cx2 tt3 ~ Exoll a4 W . ..... e 1 
(A) Comparison of the sequence and second-
ary structure of E186 (DnaQ) with that of the 
nuclease domain of E. coli exonuclease I 
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as proofreaders for the Pol C family polymerases in other 
bacterial species indicates that they all belong, by this 
definition, to the DnaQ-H subfamily, and that although 
the N-terminal exonuclease domain is well conserved, 
the C-terminal portion that interacts with a in E. coli [30] 
is not [29]. By using several dnaQ mutants, Taft-Benz 
and Schaaper [39] showed the importance of the three 
Exo motifs in the N-terminal domain of E for catalysis, 
and Perrino et al. [28] and Hamdan et al. [29] indepen-
dently showed that it is active alone as an exonuclease. 
NMR data were recently used in conjunction with mo-
lecular modeling techniques to produce a model for the 
structure of the E186 domain [42]. Here, we report crystal 
structures of the same domain at resolutions of 
1.7-1.8 A. In these new crystal structures, E186 is com-
plexed with two active site Mn(II) ions and a molecule of 
thymidine-5' -monophosphate (TM P). Deoxynucleoside 
5'-monophosphates are the nucleotide products of the 
3'-5 ' exonuclease reaction and have been shown to be 
competitive inhibitors of E-catalysed hydrolysis of both 
single-stranded DNA [43] and the 5' -p-nitrophenyl ester 
of TMP [44]. This implies that TMP binds at the active 
site of E in a manner that mimics interaction of the en-
zyme with substrates. 
The structure of the E186-Mn(ll)r TMP complex was 
initially solved by multiple wavelength anomalous dif-
fraction (MAD) phasing of data from a crystal of the 
selenomethionine (SeMet)-substituted protein grown at 
pH 5.8. This was then used as a model to refine struc-
tures of the native protein from similarly grown crystals 
that had been soaked in buffers at pH values of 5.8 
(B) Stereo plot of the C" backbone of E186. 
Spheres are drawn every 1 0 residues for ref-
erence. (Drawn with MOLSCRIPT [76].) 
(where E has low activity) and 8.5 (where activity is near 
its maximum). pH-dependent differences in the way 
TMP and water molecules are coordinated to a binuclear 
Mn(II) center give persuasive insights into the mecha-
nism of action of E, which may help to explain its higher 
activity in comparison with the 3'-5 ' exonuclease of E. 
coli Pol I, which is the best-characterized enzyme in this 
general class. 
Results 
Crystal Structures of e 186 
Crystals of the exonuclease domain of the E subunit of 
DNA polymerase Ill, E186, and its SeMet derivative were 
grown at pH 5.8 in the presence of MnCl2 and TMP, a 
product of its reaction [29]. They diffracted to 1.7-1.8 A 
at synchrotron sources. The atomic structure of the E186 
complex with two Mn(II) ions and TMP was first solved 
at a resolution of 1.8 A in space group P41212 using 
phases obtained from MAD data (Table 1) collected with 
the SeMet derivative. This structure was used as a model 
to determine the structure of the native protein using 
crystals that had been soaked in buffers containing Mn2+ 
and TMP at pH values of 5.8 (1.7 A resolution) and 8.5 
(1.8 A resolution; Table 2). In all three structures, electron 
density is continuous from Arg7 through Gly180; the first 
5 and last 6 residues were apparently disordered in 
the crystal, as might have been anticipated from NMR 
studies that showed precisely the same residues to be 
in flexible regions of the structure in solution [29]. Side 
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Table 1. Summary of Data Collection 
Resolution 
Crystal and X-Ray Energy Range (A) 
SeMet 
E = 12.653 keV (peak) 50-1.8 
(1.86-1.8 
E = 12.651 keV (inflection) 50-1.8 
(1 .86-1 .8 
E = 12.951 keV (remote) 50-1 .8 
(1 .86-1.8 
Native (pH 5.8) 
E = 12.658 keV 50-1.7 
(1.76-1.7 
Native (pH 8.5) 
E = 12.658 keV 50-1.8 
(1.86-1 .8 
Reflections 
(Total/Unique) % Complete < I/o-> R5ca1° 
517,715/19,776 98.4 14.9 0.056 
1898 96.8 0.142) 
517,646/19,750 98.2 18.3 0.043 
1909 97.4 0.102) 
512,268/19,707 98.0 16.0 0.051 
1873 95.6 0.133) 
423,356/22,532 94.9 9.0 0.049 
1813 78.0 0.152) 
362,893/20,091 99.7 6.8 0.041 
1920 98.4 0.204) 
• Rscai = ~ II - < I> 1)/~ I), where < I> refers to the average intensity of multiple measurements of the same reflection. 
chain density was observed for all except three surface 
residues, Arg42, Glu71 , and Lys158. 
General Description of the Structure of e186 
The E186 exonuclease domain is folded into an a/[3 
structure with an open, twisted, mixed [3 sheet of five 
strands ([31-[35; Figures 1 and 2A). Strand [32 is anti parallel 
to the others. The substrate binding site is clearly identi-
fied in the structures at both pH 5.8 and 8.5 by the 
presence of a binuclear Mn(II) center and bound product 
and competitive inhibitor, TMP [43, 44]. It is located in 
a large cavity on one side of the central sheet, bounded 
by two loops containing a helices. The first loop includes 
a 1 and a 2, while the second includes the three C-terminal 
helices a5, a6, and a7• Helices a3 and a4 are located on 
the other side of the central sheet. This topology is 
similar to that seen in all other structurally characterized 
DNA polymerase proofreading domains (Figure 2). 
The exonuclease active site is formed primarily by 
residues in the pocket between the [31 edge of the longer 
Table 2. Refinement Statistics and Quality of Models 
extension of the sheet ([3 1-[33) and the two helices a 3 and 
a7: the conserved carboxylate residues in the Exel, Exoll, 
and ExolllE sequence motifs are located in [3 1, a 3, and 
a 7, respectively (Figure 1 A). There are further interac-
tions with residues at the C-terminal end of the long 
loop between a6 and a7 (i.e., His162), and the bound 
nucleotide lies across the face of a1• A notable feature 
is that the C-terminal helix (a7) is markedly shorter in 
E186 than the corresponding helix in other structurally 
characterized proofreading domains (Figure 2). Except 
for the pH-dependent variations in the structure of the 
active site that are described in detail below, there was 
no significant difference between the experimentally de-
termined structures at pH values of 5.8 and 8.5. 
Structure of the Active Site 
While protein side chains and the two metal ions in the 
active site at the two pH values occupy nearly identical 
positions, the two structures differ in the way the 5 '-
phosphate of TMP and water molecules coordinate to 
Statistic Native, pH 5.8 Native, pH 8.5 
Refinement 
Resolution range (A) 
Reflections in working set (completeness, %) 
Reflections in test set (completeness, %) 
R/R1re." 
Number of protein atoms 
Number of solvent molecules 
Number of TMP molecules 
Number of ethylene glycol molecules 
Number of Mn atoms 
Rms Deviation from Target Bonds 
Lengths (A) 
Angles (0 ) 
B Factors (A2) 
Average 
Minimum 
Maximum 
Ramachandran Plot Statistics(%) 
Most-favored regions 
Additionally allowed regions 
Generously allowed/disallowed regions 
50-1 .7 
21 ,278 (89.9) 
1179 (5.0) 
0.201/0.234 
1361 
224 
1 (2 conformers) 
3 
2 
0.006 
1.339 
23.62 
11 .55 
69.10 
92.3 
7.7 
0.0 
50-1 .8 
18,705 (93.1) 
1021 (5.1) 
0.199/0.227 
1361 
228 
1 
2 
2 
0.005 
1.265 
16.41 
5.75 
59.08 
92.3 
7.7 
0.0 
• Rand R1rae = ~IF abs - FcaI1)/{LF00. ) . R, ... was calculated using 5% of the data not included in the refinement. 
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Figure 2. Comparison of Topology and Structure of the e186 Do-
main with Those of Some Other DnaQ Superfamily Members 
Left, schematic representations of the topologies of the 3 '-5 ' exo-
nuclease domains of (A) the e subunit of Pol Ill (associated with a 
Pol C family polymerase), (B) exonuclease I (PDB code 1 FXX) [41 ], 
(C) DNA polymerase I (1 KRP; a Pol A polymerase) [51 ], and (D) . 
bacteriophage T4 DNA polymerase (1 NOY; Pol B family) [7] . The 
color code for secondary structure elements is as in Figure 1. 
Right, aligned three-dimensional representations of the structures 
of the same four proteins are shown. The locations of active site 
metal ions are designated by small spheres and the TMP molecule 
in the structure of e186 (A) are shown. Structures were aligned on 
the basis of positions of conserved metal-coordinating Asp and Glu 
residues at the active sites (F igure 3), using the program lsqkab 
[77] , and the figures were drawn using RIBBONS [78]. 
the two Mn(II) ions (Figures 3A and 38). In the experimen-
tally determined structure at pH 5.8, the electron density 
of the TMP and these coordinated water molecules con-
tained contributions from two partially occupied struc-
tures-the dominant contribution came from what is 
described here as the low-pH structure (~ 85% occu-
pancy), while there was a lesser contribution (~ 15%) 
from the high-pH structure (Figure 4A). At pH 8.5, the 
high-pH structure was the only one observed (Figure 
48). The two Mn(II) ions are 3. 7 A apart in both structures 
(Figures 3A and 38) and are bridged by the side chain 
of Asp1 2 from the Exol motif. In both the high- and low-
pH structures, one of the 5' -phosphate oxygens of TMP 
also bridges between the two Mn(II) ions. The "inner" 
Mn(I I) ion (Mn.A) has five-coordinate, approximately trigo-
nal bipyramidal geometry and is bound to two additional 
protein ligands, the side chains of Glu14 (in the Exol 
motif) and Asp167 (in ExolllE). In the low-pH structure, 
the fifth ligand is another of the TMP-5 '-phosphate oxy-
gens, while at high pH, a coordinated water molecule 
occupies a near-identical position. The second Mn(II) 
ion (Mn8) has nearly perfect octahedral geometry in both 
structures. In the low-pH structure (Figure 3A), it has four 
water molecules as ligands, two of which are hydrogen 
bonded to Asp103 (Exoll motif), and the bridging carbox-
ylate and TMP-phosphate oxygens. In the high-pH 
structure (Figure 38), one of the water ligands is re-
placed, in near-identical position, by another of the 5'-
phosphate oxygens. In the low-pH structure, protonated 
His162 is hydrogen bonded to the TMP-5 '-phosphate 
oxygen that is coordinated to MnA, while in the high-pH 
structure it is deprotonated and is within H-bonding 
distance of the MnA-coordinated water (or hydroxide ion) 
that occupies the equivalent position. In the hydrolysis 
reaction under optimum pH conditions, this coordinated 
water molecule is likely to be the nucleophile, and His162 
is the general base that deprotonates it (see Discussion). 
Interaction with TMP 
The TMP molecule is oriented in the active site through 
several hydrophobic and H-bonding interactions. Al-
though its 5' -phosphate is coordinated to the two metal 
ions in different ways depending on pH, the deoxyribose 
and thymine rings are in essentially identical positions in 
the two structures (Figures 4A and 48). The deoxyribose 
moiety is stacked against the Phe102 ring on one side 
and its 3'-OH is H bonded to the backbone carbonyl 
oxygen and amide proton of Thr1 5 and the imidazole 
N8H of His66. The thymine base is sandwiched in a 
pocket that is closed on both sides. Its N3 proton is 
H bonded to the carboxylate of Glu61, and there are 
hydrophobic interactions between its ring and the side 
chains of Met18 on one side and Val65 on the other. 
There is, however, no apparent steric impediment to 
binding of natural bases other than thymine in this nucle-
otide binding pocket. In the experimental structure at 
pH 8.5, a second somewhat disordered TMP molecule 
(Figure 4C) was also present in the active site cavity, 
positioned such as to occupy the likely position of the 
penultimate nucleotide of a single-stranded DNA sub-
strate (see Discussion). 
Discussion 
Conservation of Structure among Proofreading 
Domains of Three Families of DNA Polymerases 
The structures of seven exonuclease domains of DNA 
polymerases from the Pol A and Pol 8 families have 
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(A and 8) Low- and high-pH structures, re-
spectively, of the active site of e186. The two 
Mn(II) ions, MnA and Mn8 are shown (in or-
ange) coordinated to the 5'-phosphate of 
TMP. The remainder of the TMP molecules 
are omitted for clarity (but see Figure 4). Coor-
dinated-water molecules are represented by 
red spheres. 
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been determined. An example from each family is shown 
in Figures 2C and 2D, respectively. Separate structural 
alignment of E186 with each of the seven showed that, 
despite having low sequence identity, all of the proteins 
fold into similar structures. All have a central five-
stranded 13 sheet (131-135 in Figure 2) with identical topol-
ogy, and a long C-terminal helix (o.7) that packs against 
it. These features can be aligned closely: the rms devia-
tion in positions of co: atoms in 131-135 in pairwise compari-
sons is less than 2.5 A. Superimposition of the structures 
using the positions of conserved residues in the active 
site (Figure 3) as reference points aligns these and many 
other structural features (Figure 2). Of these proofread-
ing enzymes, the 3'-5 ' exonuclease domain of Pol I 
(Figure 2C) has the highest sequence and structural 
similarity to E186: overall sequence identity is 16.4%, 
and therms deviation in positions of co: atoms in 131-135 
and o.7 is 2.3 A. 
A Highly Conserved Structure among DnaQ-H 
Family Members? 
While E1 86 shows this degree of similarity to the exo-
nuclease domain of Pol I, its overall structure is even 
more similar to that of the catalytic domain of E. coli 
exonuclease I (Figure 1 A), the only other member of 
the DnaQ-H family whose crystal structure has been 
reported [41 ]. The two enzymes have identical topology 
(Figures 2A and 2B), except for the residue 19-23 loop 
in E186 which does not appear in exonuclease I and 
occurs inconsistently among other proofreading exo-
nuclease domains in this family [29], and the residue 
147-160 helix extension and loop in exonuclease I that 
does not exist in the proofreading domains (Figure 1 A). 
Their structures align (Figures 2A and 2B) with a rms 
deviation of positions of corresponding co: atoms of 
1 .8 A. This conservation of structure is notable since 
sequence identity in a structure-based alignment (Figure 
1 A) is only 20.9%. While some of the residues shared 
by exonuclease I and E186 are those that are conserved 
among all DnaQ superfamily members, e.g., the four 
active site carboxylates (Asp1 2, Glu14, Asp103, and 
Asp167 in E), there are others (like Gly17, Pro54, Leu145, 
' , I , 
(C-E) Comparative structures of the 3'-5 ' 
exonuclease active sites of exonuclease I 
(PDB code 1 FXX) [41 ], DNA polymerase I 
(1 KRP) [51 ], and bacteriophage T4 DNA poly-
merase (1 NOY) [7]. Structures were aligned 
as in Figure 2, and diagrams were drawn us-
ing RIBBONS [78]. 
and His162 in E) that appear to be conserved just among 
members of the DnaQ-H family [29]. As discussed below, 
His1 62 probably acts as a general base to deprotonate 
the active site nucleophile, while Gly17, Pro54, and 
Leu145 would seem to have important roles in main-
taining the structure of the hydrophobic core. Beyond 
the structural conservation apparent between E and exo-
nuclease I, there are also indications that the polymer-
ase-associated proofreading domains in the DnaQ-H 
family have even greater similarity of structure. Con-
served among their sequences [29] is a further series 
of predominantly hydrophobic residue types (i.e., Thr16, 
lle30, lle31, Leu52, lle68, Leu73, Val82, Val96, His98, 
Met1 07, Leu148, and Ala164 in E) in two distinct regions 
of the hydrophobic core. Of these 12 residues, only four 
(lle68, Val96, Leu148, and Ala164) are present in the 
same positions in exonuclease I (Figure 1 A). 
The Conserved Active Site of Proofreading 
Exonucleases 
The structures of the 3'-5' exonuclease active sites of 
E186, Pol I and other enzymes in this class are remark-
ably similar (Figure 3), despite the fact that E and the 
corresponding domains of bacteriophage T4 and T7 
DNA polymerases are intrinsically at least two orders of 
magnitude more active than Pol I [43, 45-48]. Indeed, 
given the much higher polymerase activity of Pol Ill and 
the phage polymerases, it would be surprising if they 
had not evolved to have significantly more efficient exo-
nucleases. 
Alignment of the active sites of all seven proofreading 
domains superimposes many residues associated with 
substrate binding, catalysis, and metal binding in a satis-
factory manner (see examples in Figure 3), indicating 
conservation of enzymic mechanism. The four active site 
carboxylates in E186 are located in secondary structural 
elements similar to those in the exonuclease domains 
of the other polymerases. Moreover, the binuclear metal 
centers (when they have been seen in crystal structures) 
can also be aligned in near-identical positions. 
Nevertheless, the active site of E1 86 has structural 
differences that may contribute to its higher acivity in 
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TMP(1 ) - pH 5.8 
C 
TMP(2)- pH8.5 
B 
TMP(1)-pH 8.5 
D 
dNMP(2) Pol I model 
Figure 4. Structures of the Two TMP Molecules in the Active Site 
Region of E1 86 
(A) OMIT [79] electron density map (contoured at 3 er) corresponding 
to the active site TMP molecule in the experimentally determined 
structure of the E186.Mn(llh. TMP complex at pH 5.8. Electron density 
was modeled as containing contributions from two alternate con-
formers (shown). The minor conformer (~ 15%) was identical to that 
seen as the only one in the high-pH structure (see [Bl), while the 
major conformer (~ 85%) was designated as that in the "low-pH 
structure" of the E186 complex. 
(B) OMIT electron density map (contoured at 3 er} for the active site 
TMP molecule in the structure of the e186.Mn(llh.TMP complex at 
pH 8.5, shown with the modeled structure of the (single) conformer 
of TMP observed at this pH, which was thus designated as that in 
the "high-pH structure". 
(C) OMIT map (contoured at 1 er) showing additional electron density 
in the neighborhood of the active site in the structure of the 
E186.Mn(ll}i.TMP complex at pH 8.5. This density is probably that of 
a second TMP molecule in the position occupied by the penultimate 
dNMP of a DNA substrate (see [DJ). The model for the structure of 
TMP is one of several alternate conformers that appear to exist 
under these conditions (see the text for details). 
(D) OMIT map showing the additional density, as in (C), overlaid 
on the modeled structure of the penultimate deoxyguanosine 5' -
monophosphate (dGMP) in a DNA molecule bound at the active site 
of the 3'-5 ' exonuclease domain of DNA polymerase I (PDB code 
1 KLN). The structure of E1 86 at pH 8.5 and that of a complex of 
DNA with the Kienow fragment of Pol I (63] were aligned on the 
basis of posit ions of active site carboxylate residues (Figure 3) as 
described in Figure 2, to give the ind icated position and orientation 
of the "penultimate" dGMP residue (without any further manipu-
lation). 
comparison with the 3'-5 ' exonuclease of Pol I. Most 
important is the substitution of the highly conserved 
active site tyrosine in enzymes of the DnaQ-Y family 
(Tyr497 in Pol I [33, 371) with histidine in the DnaQ-H 
family (His162 in E). In E and exonuclease I, this histidine 
is in the a6-o:7 loop rather than in the C-terminal helix, 
which is thus substantially shortened. The position of 
His162 in E is remarkably similar to that of His181 in 
exonuclease I (Figures 3A and 3C), and the presence 
of this residue in this position and shortening of the 
C-terminal helix are likely to be common defining fea-
tures of DnaQ-H subfamily members. 
Mechanism of Action of the e Subunit 
of DNA Polymerase Ill 
While these similarities among structures of active sites 
of the exonuclease domains suggest a common phos-
phodiester bond cleavage mechanism [35-37, 49, 50], 
the interactions between the metal ions and the oxygen 
atoms of the reactive 5'-phosphate in Pol I are still de-
bated, and most of our understanding of it comes from 
the use of phosphorothioate substrates [51, 52]. There 
has been some uncertainty about the mechanism of 
the 3 '-5 ' exonuclease of Pol I because it has not been 
possible to structurally characterize a complex of the 
enzyme with a natural substrate at this site and locate 
the nucleophile under conditions where the enzyme is 
active. While the structure of E1 86 in a complex with an 
oligonucleotide substrate has yet to be determined, we 
do now have the structure of its complex with TMP at 
a high pH value where the enzyme shows maximum 
activity, and this structure shows important features that 
lead to conclusions about its mechanism of action. 
Inspection of the low- and high-pH structures of the 
active site (Figures 3A and 38, respectively) indicates 
that pH-mediated interconversion between them could 
occur by reversible nucleophilic addition of a Mn(ll)-
coordinated water molecule from the back face of the 
TMP-5 '-phosphorus center, resulting in inversion of ste-
reochemistry about the phosphorus atom. The pH de-
pendence of the structure would thus be determined 
primarily by the state of protonation of the imidazole of 
His162. That the experimentally determined active site 
structure at pH 5.8 contains an rv15% contribution from 
the high-pH structure (Figure 4A) suggests that under 
the conditions of crystallography, the pKa of His162 in 
the TMP complex is about 6.5. This hypothetical water 
exchange reaction provides a good conceptual frame-
work for understanding the mechanism of E-promoted 
phosphodiester cleavage at high pH (Figure 5). 
The high-pH crystal structure of the TMP complex 
(Figure 38) shows the deprotonated imidazole of His1 62 
H bonded to the MnA-coordinated water molecule: we 
suggest this structure mimics the active site in the Mi-
chaelis complex (Figure 5A). His1 62 is in an excellent 
position to act as a general base to deprotonate the 
coordinated water to generate coordinated hydroxide, 
which is well established in model and metalloenzyme 
chemistry to be a powerful intramolecular nucleophile 
[53, 54]. Back-side attack of the nucleophile and inver-
sion about phosphorus via a trigonal bi pyramidal transi-
tion state [55, 56] (or intemiediate) stabilized by both 
metal ions would result in expulsion of the leaving group 
(the 3'-0H of the polynucleotide product). The immedi-
ate enzyme-dNMP product complex (Figure 58) would 
have a structure essentially identical to the low-pH 
structure of the E186-TMP complex (Figure 3A). This is 
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Figure 5. Mechanism of Phosphodiester Bond Cleavage by the e 
Proofreading Subunit of DNA Polymerase Ill 
(A) Model for the enzyme-substrate complex. 
(8) Model for the first-formed enzyme-product complex. 
The proposed sequence is as follows. (i) The substrate is bound as 
modeled by the high-pH structure of the e186.Mn(llh-TMP complex 
(Figure 38). (ii) His162 acts as a general base to deprotonate the 
Mn8-coordinated water. (iii) The product Mn8-coordinated OH- nu-
cleoph ile attacks the coordinated phosphodiester, to produce a 
five-coordinate phosphorane intermediate (or transition state). (iv) 
The phosphorane is further deprotonated by Glu14, acting as a 
second general base. (v) This second deprotonation drives collapse 
of the phosphorane to products, with concerted elimination of the 
deoxyribose 3 ' oxygen of the penultimate nucleotide. (vi) This sugar 
3'-0H leaving group is protonated by a general acid, probably one 
of the MnA-coord inated water molecules that is hydrogen bonded 
to Asp1 03. (vii) The immediate deoxynucleoside monophosphate 
product is coordinated in a manner modeled by the low-pH structure 
of the e186.Mn{llh .TMP complex (Figure 3A). 
the first time a complex with this structure has been 
characterized with a proofreading exonuclease. The po-
sition of the oxygen atoms on the 5' -phosphate is differ-
ent in the low-pH E186 structure (Figure 3A) from that 
in Pol 1-TMP structures at pH 5.8 [36] and 7.0 [51 ]. 
Although both metal ions collaborate in binding and 
orienting the reactive phosphate group, they otherwise 
have quite distinct roles (Figure 5). MnA acts to provide 
a high local concentration of a powerful nucleophile 
(coordinated oH - ) at near-neutral pH. The pH-rate pro-
file for hydrolysis of pN P-TM P by E1 86 at 25°C shows 
a very simple dependence of kca1 on a single group with 
a pKa value of 7.7, active in its deprotonated form, such 
that activity reaches a maximum at pH values above 
8.5 [44]. Since the pKa of Mn(ll)-coordinated water in 
Mn(H2O)s2+ is ~ 10.6 [57], it is very likely that this kinet-
ically determined pKa is that of His162 in the Michaelis 
complex with pNP-TMP. As noted earlier, His162 in the 
TMP complex has an observed pKa of ~ 6.5 under the 
quite different buffer conditions of E186 crystallization 
(and data collection), and there was no evidence of it 
being partially protonated in the experimental structure 
at pH 8.5. In this situation, the pKa of His162 is clearly 
lowered by its H-bonding interaction with the 5'-phos-
phate of TMP (Figures 3A and 38). 
Thus, it seems very likely that the role of the imidazole 
of His162 is to promote deprotonation of the MnA-coordi-
nated water. The two carboxylate oxygens of Glu14 also 
have distinct roles, wherein one serves as a ligand of 
MnA, while the other is H bonded to the coordinated 
nucleophile. We suggest that this residue facilitates fur-
ther deprotonation of the five-coordinate phosphorane 
(intermediate) to drive its collapse to products (Figure 
5A). An alternate possibility is that Glu14 serves to orient 
the nucleophile, as proposed for the equivalent residue 
(Glu357) in Pol I [36, 37]. 
The pH dependence of the 3'-5' exonuclease activity 
of Pol I is qualitatively similar. Its activity is relatively 
constant at pH values above ~ 10, increasing some 45-
fold between pH 7.5 and 10.2. Activity appears to de-
pend on a group with pKa near 9.8 that is proposed either 
to be a Mg(ll)-coordinated water molecule or Tyr497 [37]. 
It is likely that substitution of His162 in E for Tyr497 of 
Pol I accounts for dependence on a group with a lower 
pK8 • Because histidine is a much more effective general 
base than tyrosine at lower pH values, it is tempting to 
suggest that this also accounts for the much higher 
activity of E. However, comparisons of this type are not 
straightforward because the influence of other interac-
tions with DNA substrates in and around the active site 
cannot be assessed in the absence of high-resolution 
structures of complexes of E with such substrates. 
We now turn to the role of the other metal ion, Mn8 • 
It is less extensively coordinated to protein ligands than 
is MnA. Whether it binds in the E active site in the absence 
of substrate is a question whose answer requires further 
experimentation. One of its roles in the proposed mech-
anism is to coordinate the reactive phosphate group, 
orienting it and withdrawing electrons from the phos-
phorus center to activate it toward nucleophilic attack, 
stabilizing the developing negative charge in the transi-
t ion state. A second function is to coordinate the 3'-
phosphate oxygen of the substrate, assisting it to leave 
(Figure 5A). There are three lines of evidence for the 
latter role. The first is that it gives rise to the observed 
low-pH structure of the E186-TMP complex (Figure 3A), 
which would thus be similar to the first-formed product 
of the reaction (at higher pH), as shown in Figure 58. 
The second is that the 3'-OH of the leaving deoxy-
nucleotide is coordinated to metal ion B in structures 
of oligonucleotides bound at the exonuclease site of Pol 
I [51 , 52, 58]. The third derives from the observation in 
the crystal structure at pH 8.5 of a second (partially 
disordered) TMP molecule in the vicinity of the active 
site (Figure 4C). The 3' -OH of the deoxyribose of this 
second TMP molecule is in a sensible position for the 
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DNA leaving group, as assessed by its proximity to the 
5' -phosphate of the coordinated (product) TMP, and it 
is almost within bonding distance of Mn8 • 
The roles of the two Mn(II) ions in the mechanism, 
where one activates the nucleophile and the other the 
electrophilic center and leaving group, have ample prec-
edent in model studies with substitution-inert metal 
complexes and in the chemistry of other metallo- and 
metal-activated enzymes [53]. Collaboration of two 
metal ions in this way was proposed for the binuclear 
Ni(II) enzyme urease in 1980 [59], and variations on this 
mechanism have since been suggested for many binu-
clear metallohydrolases [54], including not only the 3'-5 ' 
exonuclease of Pol I [36], but also alkaline phosphatase 
[60] and ribonuclease H [61 ]. 
A further difference between the structures of the TMP 
complexes of the 3'-5 ' exonuclease of Pol I and Eis the 
presence of an extra H bond between the imidazole of 
His66 and the deoxyribose 3'-0H of TMP in E186, along 
with the Thr15 backbone interactions that are seen in 
the other proofreading exonucleases. This suggests that 
E may be better able to discriminate against modified 
terminal nucleotides. In E186, there is also a H bond 
between the protonated base ring nitrogen (N3) and the 
Figure 6. A Structural Model for the Complex 
of DNA with the E Proofreading Subunit of 
DNA Polymerase Ill 
Structures of e186 and a DNA complex with 
the 3'-5 ' exonuclease domain of DNA poly-
merase I (PDB code 1 KLN) [57] were aligned 
as described in Figure 2 (cf. Figure 4D). Coor-
dinates for the DNA fragment were then sim-
ply superimposed on the structure of e186, 
without further manipulation, to produce the 
model shown. 
(A) Electrostatic surface potential of e186 at 
neutral pH, calculated using GRASP [80]. Ac-
tive site Mn(II) ions were included in the calcu-
lation, but the TMP molecules were not. The 
3 '-mismatched DNA duplex is shown. Pol I 
requires that three base pairs melt at the end 
of a duplex to allow the terminal nucleotide 
access to the active site. This model suggests 
the same is likely true for e. 
(B) Schematic representation of the model, in 
the same orientation shown in (A). The TMP 
molecule at the active site of e186, shown in 
blue, defines the position of the 3'-terminal 
nucleotide of a DNA substrate. (Drawn using 
RIBBONS [78].) 
carboxylate of Glu61. A carboxylate in this position is 
not seen in any of the other polymerase-associated exo-
nuclease structures, so this interaction may explain why 
in the case of E, the four different dNMPs have different 
kinetic parameters for inhibition and are hydrolyzed from 
the ends of poly/oligonucleotide chains at different rates 
[62]. Although identical residues in similar positions to 
Thr15 and His66 are present in the structure of exo-
nuclease I, there is no carboxylate corresponding to 
Glu61 [41 ]. 
A Model for the Interaction of e with DNA 
The Mn(ll)-bound TMP that occupies the position of 
the 3' terminal nucleotide at the mismatched primer 
terminus is enclosed snugly on one side of the active 
site pocket where it interacts with several protein side 
chains as described above. By analogy with the struc-
ture of Pol I-DNA complexes [51, 52, 63], the electron 
density corresponding to a disordered second TM P mol-
ecule (Figure 4D) is also in the active site pocket in the 
position predicted for the penultimate 3' nucleotide of 
a mismatched primer, and its 5' -phosphate group would 
then be held in place by interaction with the guanidinium 
group of Arg159. In fact, simple superimposition of the 
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structure of the Pol I-DNA complex on the E1 86 structure, 
using the conserved features of the active site as points 
of reference, produces the model of the E1 86-DNA com-
plex shown in Figure 6. As in Pol I, it is apparent that 
three base pairs at the end of a paired primer terminus 
would need to melt to give the terminal nucleotide ac-
cess to the active site, and this is consistent with studies 
of the rates of E-promoted cleavage of nucleotides from 
the ends of mismatched termini, and the temperature 
dependence of rates of degradation of paired termini 
(43, 64]. 
At the entrance to the active site (on the upper left in 
the views in Figure 6) is a cleft lined on one side by 
residues Lys141 and Arg142. Their side chains are well 
positioned to interact electrostatically with the phos-
phodiester backbone of the DNA strands at the end of 
the base-paired region of the primer template. By anal-
ogy with other DNA polymerases, this surface cleft is 
likely to be at the end of a longer channel between the 
polymerase (a) and editing (E) sites in Pol Ill. Extension 
of the template strand from its position in Figure 6 would 
allow it to interact with the side chain of Arg151 and 
Lys136. This series of electrostatic interactions with the 
template strand could contribute to the processivity of 
Pol Ill holoenzyme. While it has been observed that E 
increases not only the fidelity of the holoenzyme, but 
also its processivity (25], there has not previously been 
an explanation for how this might be achieved. Continu-
ous interaction of the template strand with the exo-
nuclease could help guide the slippage of the holoen-
zyme on the template necessary for it to advance a 
mispaired primer terminus from the polymerase active 
site to that of the exonuclease. 
The 0 subunit of Pol Ill is a small protein comprised 
essentially of three a helices (27]. It forms a stable com-
plex with E186 (28] and is proposed to exert a modest 
influence on DNA binding by E (27]. Its structure is remi-
niscent of that of the small C-terminal domain (residues 
420-477) of exonuclease I (41 ], which interacts in that 
enzyme with the !33--o.1 loop and a1 and a2 helices of the 
N-terminal exonuclease domain (see Figure 1 A). We note 
that interaction of 0 with the corresponding region of 
E186 (circled in Figure 6A) would place it in a position 
where it could influence DNA binding in the manner 
proposed. Future studies of the structure of the complex 
of E with 0 will be required to comment on this specu-
lation. 
Biological Implications 
In this paper, we report the three-dimensional structure 
of an enzyme that serves to maintain the integrity of the 
chromosome during DNA replication in E. coli. The E 
subunit of Pol Ill uses its 3'-5 ' exonuclease activity to 
edit nucleotides misincorporated by the associated 
5'-3 ' polymerase (a subunit). The crystal structure of 
the domain of E that bears the exonuclease active site 
is the first of a proofreading domain of a replicative 
polymerase in the Pol C family, and the first of an edit-
ing domain in the DnaQ-H subfamily. The overall struc-
ture and the active site show strong similarities with the 
corresponding domains in DNA polymerase I and other 
polymerases in the Pol A and Pol B families, which 
is indicative of general conservation of mechanism 
throughout evolution. Nevertheless, there are unique 
features that may contribute to E being considerably 
more active than Pol I. In particular, the general base 
at the active site is a histidine rather than tyrosine side 
chain. Structures of the E186-Mn(ll)r TMP complex de-
termined at pH values of 5.8 and 8.5 showed differences 
in the way water molecules and TMP are coordinated 
to the binuclear metal center. The high-pH structure 
appears to mimic the enzyme-substrate complex, while 
the low-pH structure seems to provide a good model 
for the structure of the first formed enzyme-product 
complex. On this basis, we advance a hypothesis for 
the chemical mechanism of E that is consistent with all 
current knowledge. 
Experimental Procedures 
Crystallization, Data Collection, and Processing 
Crystals of native E186 and its SeMet derivative were grown at pH 
5.8 as described [29]. Data were collected at 1 00 K, using crystals 
that had been transferred to cryobuffers and flash frozen. For collec-
tion of the SeMet and pH 5.8 native data, the cryobuffer was 0.1 M 
cacodylate, pH 5.8, 40% (w/v) polyethylene glycol (8 K), 2.5 mM 
MnSO4, and 2.5 mM TMP. For collection of the pH 8.5 data sets, 
crystals of E186 that had been grown at pH 5.8 were serially trans-
ferred three times into drops of 0.1 M HEPES, pH 8.5, 40% (w/v) 
polyethylene glycol (8 K), 2.5 mM MnSO4, and 2.5 mM TMP. The 
crystals were isomorphous in space group P41212 with unit cell 
dimensions a = 60.8 A and c = 111.1 A. Statistics that summarize 
data collection and structure refinement are given in Tables 1 and 
2. A MAD experiment was conducted at three wavelengths on the 
SeMet derivative crystal at the BioCARS beamline BM14O of the 
Argonne Advanced Photon Source (Chicago, IL). The crystal dif-
fracted to 1.8 A. Data from crystals of native protein at pH 5.8 and 
8.5 were collected at the FIP beamline, BM30A, at the European 
Synchrotron Radiation Source Facility (Grenoble, France). The pH 
5.8 crystal diffracted to 1.7 A and that at pH 8.5 diffracted to 1.8 A. 
Structure Solution and Refinement 
MAD data were used first to solve the structure of the SeMet deriva-
tive. The CCP4 suite of programs [65] was used to calculate Pat-
terson and anomalous Patterson Fourier maps [66] , to locate four 
of the five Se positions [67], and refine the Se positions and phase 
[68] . The phases were improved using solvent flattening , histogram 
matching, and skeletonization with the program dm [69] . The re-
sulting electron density maps were of excellent quality, and the 
protein chain could be readily identified except for 5 residues at the 
N terminus and 6 at the C terminus. An initial model constructed 
automatically using the programs ARP/wARP [70] was inspected 
manually on a graphics terminal using the program O [71] and found 
to be satisfactory. Additional density showed the presence of a TMP 
molecule and two Mn(II) ions in the active site. These were added 
to the model and automatic water picking and initial refinements 
were carried out using CNS_SOLVE [72]. Water molecules with B 
factors in excess of 60 A2 , or which were not with in H-bonding 
distance of either a protein atom or another water molecule were 
rejected. Initial R/R1ree values (defined as in Table 2) of 0.280/0 .313 
were reduced to 0.200/0.226 after rounds of positional refinement, 
simulated annealing, and individual B factor refinement, inter-
spersed with manual rebuilding of the model. There was some resid-
ual density in both the Fa-Fe and 2Fa-Fe electron density maps, into 
which attempts were made to fit various molecules: phosphate, Tris, 
NO3- , HEPES, and ethylene glycol. Eventually three molecules of 
ethylene glycol were added to the model. Attempts to add atoms 
with electron densities greater than those in the second row of the 
periodic table yielded negative Fa-Fe density in subsequent differ-
ence maps. Additional positive Fa-Fe density indicated the possibility 
of an alternate conformation of the TMP molecule, but no attempt 
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was made to refine the alternate conformations for the SeMet deriv-
ative. 
The structure of the native protein at pH 5.8 was refined using 
the SeMet-derived model until convergence with the program 
CNS_SOLVE (Table 2). The final R/R,ree values were 0.201/0.234, 
using the same set of test reflections as the SeMet study. Side chain 
density was not observed for Arg42, Glu71, or Lys158, and these 
were built as alanines. Following observation of pH-dependent dif-
ferences in electon density maps of the active site, two alternate 
conformations of the TMP molecule and configurations of Mn(ll)-
coordinated water molecules were refined. By comparing the refined 
temperature factors for a range of occupancies, it was determined 
that the occupancies of the two configurations were ~ 0.15 and 
~ 0.85 at pH 5.8, where the lower occupancy structure at pH 5.8 is 
the only one observed at pH 8.5. 
The structure of the native protein at pH 8.5 was refined using 
the same SeMet-derived model (Table 2). The third ethylene glycol 
molecule was not fitted because the electron density around its 
position indicated the presence of a second TMP molecule (Figure 
4C). There was good density for the sugar moiety. The phosphate 
appeared to exist in at least three alternate conformations, and 
the base also appeared disordered. The R,ree value increased when 
refinements were performed with the second TMP molecule in the 
model. It was excluded from subsequent rounds of refinement, but 
the coordinates are given as a remark in the PDB file 1 J53. 
Both native structures exhibited good stereochemistry when 
checked using the programs PROCHECK [73] and WHAT_CHECK 
[74]. All indicators were either inside the normal range or better, 
with an overall G-factor of +0.4 from PROCHECK (Table 2). 
Acknowledgments 
Philippe Carpentier and the support staff at the FIP beamline, ESRF 
are thanked for their support during data collection at that facility. 
Harry Tong and the support staff at the BioCARS beamline are 
thanked for their support during data collection at the Advanced 
Photon Source. This work, including use of the BioCARS sector, 
was supported by the Australian Synchrotron Research Program, 
which is funded by the Commonwealth of Australia under the Major 
National Research Facilities Program. Use of the APS was supported 
by the U.S. Department of Energy, Basic Energy Sciences, and 
Office of Energy Research, under Contract Number W-31-109-Eng-
38. S.E.B. was a recipient of an Australian Postdoctoral Fellowship 
(Australian Research Council). 
Received: November 16, 2001 
Revised: January 29, 2002 
Accepted: January 30, 2002 
References 
1. Echols, H., and Goodman, M.F. (1991). Fidelity mechanisms in 
DNA replication. Annu. Rev. Biochem. 60, 477-511. 
2. Kunkel, T.A. , and Bebenek, K. (2000). DNA replication fidelity. 
Annu. Rev. Biochem. 69 , 497-529. 
3. Drake, J.W. (1991 ). Spontaneous mutation. Annu. Rev. Genet. 
25, 125-146. 
4. Ollis, D.L., Brick, P., Hamlin, R., Xuong, N.G., and Steitz, T.A. 
(1985). Structure of large fragment of Escherichia coli DNA poly- . 
merase I complexed with dTMP. Nature 313, 762-766. 
5. Pelletier, H., Sawaya, M.R., Kumar, A., Wilson, S.H., and Kraut, 
J. (1994). Structures of ternary complexes of rat DNA polymer-
ase [3, a DNA template-primer, and ddCTP. Science 264, 1891-
1903. 
6. Kim, Y., Eom, S.H., Wang, J., Lee, D.-S., Suh, S.W., and Steitz, 
T.A. (1 995). Crystal structure of Thermus aquaticus DNA poly-
merase. Nature 376, 61 2-61 6. 
7. Wang, J., Yu, P., Lin, T.C ., Konigsberg, W.H., and Steitz, T.A. 
(1996). Crystal structures of an NH2-terminal fragment ofT4 DNA 
polymerase and its complexes with single-stranded DNA and 
with divalent metal ions. Biochemistry 35, 8110--8119. 
8. Kiefer, J.R., Mao, C., Hansen, C.J., Basehore, S.L, Hogrefe, 
H.H., Braman, J.C., and Beese, LS. (1997). Crystal structure of 
a thermostable Bacillus DNA polymerase I large fragment at 
2.1 A resolution. Structure 5, 95-108. 
9. Wang, J., Sattar, A.K.M.A., Wang, C.C., Karam, J.D., Konigs-
berg, W.H., and Steitz, T.A. (1997). Crystal structure of a pol a 
family replication DNA polymerase from bacteriophage RB69. 
Cell 89 , 1087-1099. 
10. Zhao, Y., Jeruzalmi, D. , Moarefi, I., Leighton, L, Lasken, R., and 
Kuriyan, J. (1999). Crystal structure of an archaebacterial DNA 
polymerase. Structure 7, 1189-1199. 
11. Hopfner, K.-P., Eichinger, A., Engh, R.A., Laue, F. , Ankenbauer, 
W., Huber, R., and Angerer, B. (1999). Crystal structure of a 
thermostable type B DNA polymerase from Thermococcus gor-
gonarius. Proc. Natl. Acad. Sci. USA 96, 3600-3605. 
12. Rodriguez, A.C., Park, H.-W., Mao, C., and Beese, LS. (2000). 
Crystal structure of a pol alpha family DNA polymerase from 
the hyperthermophilic archaeon Thermococcus sp. 9 degrees 
N-7. J. Mol. Biol. 299, 447-462. 
13. Hashimoto, H., Nishioka, M., Fujiwara, S., Takagi, M., lmanaka, 
T., Inoue, T., and Kai, Y. (2001 ). Crystal structure of DNA poly-
merase from hyperthermophilic archaeon Pyrococcus kodakar-
aensis KOD1. J. Mol. Biol . 306, 469-477. 
14. Trincao, J., Johnson, R.E., Escalante, C.R., Prakash, S., Pra-
kash, L, and Aggarwal, A.K. (2001). Structure of the catalytic 
core of S. cerevisiae DNA polymerase 11: implications for transle-
sion DNA synthesis. Mol. Cell 8, 417-426. 
15. Ling, H., Boudsocq, F., Woodgate, R., and Yang, W. (2001). 
Crystal structure of a Y-family DNA polymerase in action: a 
mechanism for error-prone and lesion-bypass replication. Cell 
107, 91-102. 
16. Sawaya, M.R., Prasad, R., Wilson, S.H., Kraut, J., and Pelletier, 
H. (1997). Crystal structures of human DNA polymerase f3 com-
plexed with gapped and nicked DNA: Evidence for an induced 
fit mechanism. Biochemistry 36, 11205-11215. 
17. Doublie, S., Tabor, S., Long, A.M., Richardson, C.C., and Ellen-
berger, T. (1998). Crystal structure of a bacteriophage T7 repli-
cation complex at 2.2 A resolution. Nature 391, 251-258. 
18. Doublie, S., and Ellenberger, T. (1998). The mechanism of action 
of T7 DNA polymerase. Curr. Biol. 8, 704-712. 
19. Li, Y., Korolev, S. , and Waksman, G. (1998). Crystal structure 
of open and closed forms of binary and ternary complexes of 
the large fragment of Thermus aquaticus DNA polymerase I: 
structural basis of nucleotide incorporation. EMBO J. 17, 7514-
7525. 
20. Franklin, M.C., Wang, J., and Steitz, T.A. (2001). Structure of 
the replicating complex of a Pol a family DNA polymerase. Cell 
105, 657-667. 
21 . Maki , H., and Kornberg, A. (1985). The polymerase subunit of 
DNA polymerase Ill of Escherichia coli. II. Purification of the 
a subunit, devoid of nuclease activities. J. Biol. Chem. 260, 
12987-12992. 
22. Kelman, Z., and O'Donnell, M. (1995). DNA polymerase Ill holo-
enzyme: structure and function of a chromosomal replicating 
machine. Annu. Rev. Biochem. 64, 171-200. 
23. Scheuermann, R., Tam, S., Burgers, P.M.J., Lu, C. , and Echols, 
H. (1983). Identification of the E-subunit of Escherichia coli DNA 
polymerase Ill holoenzyme as the dnaQ gene product: a fidelity 
subunit for DNA replication. Proc. Natl. Acad. Sci. USA 80, 7085-
7089. 
24. Kunkel, T.A. (1988). Exonucleolytic proofreading. Cell 53, 
837--840. 
25. Studwell, P.S., and O'Donnell, M. (1990). Processive replication 
is contingent on the exonuclease subunit of DNA polymerase 
Ill holoenzyme. J. Biol. Chem. 265, 1171-1178. 
26. Sutton, M.D., Murli, S. , Opperman, T., Klein , C., and Walker, 
G.C. (2001 ). umuDC-dnaQ interaction and its implications for 
cell cycle regulation and SOS mutagenesis in Escherichia coli. 
J. Bacteriol. 183, 1085-1089. 
27. Keniry, M.A. , Berthon, H.A. , Yang, J.Y. , Miles, C.S. , and Dixon, 
N.E. (2000). NMR solution structure of the e subunit of DNA 
polymerase Ill from Escherichia coli. Protein Sci. 9, 721-733. 
28. Perrino, F.W., Harvey, S. , and McNeil!, S.M. (1999). Two func-
tional domains of the E subunit of DNA polymerase Ill. Biochem-
istry 38, 16001-16009. 
29. Hamdan, S., Brown, S.E., Thompson , P.R., Yang, J.Y., Carr, 
Structure of DnaQ Proofreading Exonuclease 
545 
P.D., Ollis, D.L., Otting, G., and Dixon, N.E. (2000). Preliminary 
X-ray crystallographic and NMR studies on the exonuclease 
domain of the e subunit of Escherichia coli DNA polymerase Ill. 
J. Struct. Biol. 131 , 164-169. 
30. Taft-Benz, S.A. , and Schaaper, R.M . (1999). The C-terminal do-
main of DnaQ contains the polymerase binding site. J. Bacterial . 
181, 2963-2965. 
31. Viswanathan, M., and Lovett, S.T. (1999). Exonuclease X of 
Escherichia coli. A novel 3 '-5 ' DNase and DnaQ superfamily 
member involved in DNA repair. J. Biol. Chem. 274, 30094-
30100. 
32. Morrison, A. , Bell , J.B., Kunkel , T.A. , and Sugino, A. (1991 ). 
Eukaryotic DNA polymerase amino acid sequence required for 
3 ' --+ 5' exonuclease activity. Proc. Natl. Acad. Sci. USA 88, 
9473-9477. 
33. Blanco, L., Bemad, A. , and Salas, M. (1992). Evidence favouring 
the hypothesis of a conserved 3 '-5 ' exonuclease active site in 
DNA-dependent DNA polymerases. Gene 112, 139-144. 
34. Koonin, E.V., and Deutscher, M.P. (1993). RNase T shares con-
served sequence motifs with DNA proofreading exonucleases. 
Nucleic Acids Res. 21, 2521-2522. 
35. Freemont, P.S., Friedman, J .M., Beese, L.S., Sanderson, M .R., 
and Steitz, T.A. (1988). Cocrystal structure of an editing complex 
of Kienow fragment with DNA. Proc. Natl. Acad. Sci. USA 85, 
8924-8928. 
36. Beese, L.S., and Steitz, T.A. (1991 ). Structural basis for the 3 '-5 ' 
exonuclease activity of Escherichia coli DNA polymerase I: a 
two metal ion mechanism. EMBO J. 10, 25-33. 
37. Derbyshire, V., Grindley, N.D.F., and Joyce, C.M. (1991 ). The 
3'-5 ' exonuclease of DNA polymerase I of Escherichia coli: 
contribution of each amino acid at the active site to the reaction. 
EMBO J. 10, 17-24. 
38. Barnes, M.H., Spacciapoli , P., Li, D.H., and Brown, N.C. (1995). 
The 3'-5' exonuclease site of DNA polymerase Ill from Gram-
positive bacteria: definition of a novel motif structure. Gene 165, 
45-50. 
39. Taft-Benz, S.A., and Schaaper, R.M. (1998). Mutational analysis 
of the 3 '--+5 ' proofreading exonuclease of Escherichia coli DNA 
polymerase Ill. Nucleic Acids Res. 26, 4005-4011 . 
40. Moser, M.J., Holley, W.R., Chatterjee, A., and Mian , I.S. (1997). 
The proofreading domain of Escherichia coli DNA polymerase 
I and other DNA and/or RNA exonuclease domains. Nucleic 
Acids Res. 25, 511 0-5118. 
41 . Breyer, W.A. , and Matthews, B.W. (2000). Structure of Esche-
richia coli exonuclease I suggests how processivity is achieved . 
Nat. Struct. Biol. 7, 1125-1128. 
42. DeRose, E.F., Li , D., Darden, T. , Harvey, S., Perrino, F.W. , 
Schaaper, R.M ., and London, R.E. (2002). Model for the catalytic 
domain of the proofreading e subunit of Escherichia coli DNA 
polymerase Ill based on NMR structural data. Biochemistry 41 , 
94-110. 
43. Miller, H., and Perrino, F.W. (1996). Kinetic mechanism of the 
3 '--+5 ' proofreading exonuclease of DNA polymerase Ill. Analy-
sis by steady state and pre-steady state methods. Biochemistry 
35, 12919-12925. 
44. Hamdan, S. , Bulloch, E.M. , Thompson, P.R., Beck, J.L. , Yang, 
J .Y. , Crowther, J .A. , Lilley, P.E., Carr, P.D., Ollis, D.L., Brown, 
S.E. , and Dixon, N.E. (2002). Hydrolysis of the 5 '-p-nitrophenyl 
ester of TMP by the proofreading exonuclease (e) subunit of 
Escherichia coli DNA polymerase Ill. Biochemistry, in press. 
45. Capson , T.L. , Peliska, J.A., Kaboord, B.F., Frey, M.W., Lively, 
C., Dahlberg, M. , and Benkovic, S.J. (1992). Kinetic character-
ization of the polymerase and exonuclease activities of the gene 
43 protein of bacteriophage T4. Biochemistry 31 , 10984-10994. 
46. Reddy, M.K., Weitzel , S.E., and Von Hippe!, P.H. (1992). Pro-
cessive proofreading is intrinsic to T4 DNA polymerase. J. Biol . 
Chem. 267, 14157-14166. 
47. Donl in, M.J., Patel, S.S., and Johnson, K.A. (1991 ). Kinetic parti-
tioning between the exonuclease and polymerase s ites in DNA 
error correction . Biochemistry 30, 538-546. 
48. Johnson, K.A. (1993). Conformational coupl ing in DNA polymer-
ase fidelity. Annu. Rev. Biochem. 62, 685-713. 
49. Derbyshire, V., Freemont, P.S. , Sanderson, M.R. , Beese, L., 
Friedman, J.M., Joyce, C.M., and Steitz, T.A. (1988). Genetic 
and crystallographic stud ies of the 3 ', 5 ' -exonucleolytic site of 
DNA polymerase I. Science 240, 199-201. 
50. Joyce, C.M., Friedman, J.M., Beese, L., Freemont, P.S., and 
Steitz, T.A. (1 988). Structural model for the editing decision of 
Escherichia coli DNA polymerase I. In DNA Replication and 
Mutagenesis, R.E. Moses and W.C. Summers, eds. (Washing-
ton, DC: American Society for Microbiology), pp. 220-226. 
51. Brautigam, C.A. , and Steitz, T.A. (1 998). Structural principles for 
the inh ibition of the 3 '-5 ' exonuclease activity of Escherichia 
coli DNA polymerase I by phosphorothioates. J . Mol. Biol. 277, 
363-377. 
52. Brautigam, C.A. , Sun, S. , Piccirilli , J .A., and Steitz, T.A. (1999). 
Structures of normal single-stranded DNA and deoxyribo-3'-S-
phosphorothiolates bound to the 3 '-5 ' exonucleolytic active 
site of DNA polymerase I from Escherichia coli. Biochemistry 
38, 696-704. 
53. Dixon, N.E. , and Sargeson, A.M. (1983). Roles for the metal ion 
in reactions of coordinated substrates and in some metalloen-
zymes. In Zinc Enzymes, T.G. Spiro, ed . (New York: John Wiley & 
Sons), pp. 252-353. 
54. Wilcox, D.E. (1996). Binuclear metallohydrolases. Chem. Rev. 
96, 2435-2458. 
55. Knowles, J.R. (1980). Enzyme-catalyzed phosphoryl transfer re-
actions. Annu. Rev. Biochem. 49, 877-919. 
56. Gupta, A.P., and Benkovic, S.J. (1984). Stereochemical course 
of the 3 '-5 ' exonuclease activity of DNA polymerase I. Biochem-
istry 23, 5874-5881. 
57. Basolo, F., and Pearson, R.G. (1968). Mechanisms of Inorganic 
Reactions, Second Edition (New York: John Wiley & Sons), pp. 
32. 
58. Beese, L.S., Friedman, J.M ., and Steitz, T.A. (1993). Crystal 
structures of the Kienow fragment of DNA polymerase I com-
plexed with deoxynucleoside triphosphate and pyrophosphate. 
Biochemistry 32, 14095-14101 . 
59. Dixon, N.E., Riddles, P.W., Gazzola, C., Blakeley, R.L., and 
Zerner, B. (1980). Jack bean urease (EC 3.5.1 .5) . V. On the mech-
anism of action of urease on urea, formamide, acetamide, 
N-methylurea, and related compounds. Can . J . Biochem. 58, 
1335-1344. 
60. Kim, E.E., and Wyckoff, H.W. (1991 ). Reaction mechanism of 
alkaline phosphatase based on crystal structures. Two-metal 
ion catalysis. J. Mol. Biol. 218, 449-464. 
61. Goedken, E.R., and Marqusee, S. (2001 ). Co-crystal of Esche-
richia coli RNase HI with Mn2+ ions reveals two divalent metals 
bound in the active site. J. Biol. Chem. 276, 7266-7271. 
62. Scheuermann, R.H., and Echols, H. (1984). A separate editing 
exonuclease for DNA replication : the E subunit of Escherichia 
coli DNA polymerase Ill holoenzyme. Proc. Natl . Acad. Sci. USA 
81 , 7747-7751 . 
63. Beese, L.S., Derbyshire, V. , and Steitz, T.A. (1993). Structure 
of DNA polymerase I Kienow fragment bound to duplex DNA. 
Science 260, 352-355. 
64. Brenowitz, S., Kwack, S. , Goodman, M .F., O'Donnell , M., and 
Echols, H. (1991). Specificity and enzymatic mechanism of the 
editing exonuclease of Escherichia coli DNA polymerase Il l. J . 
Biol . Chem. 266, 7888-7892. 
65. (CCP4) Collaborative Computational Project 4 (1994). The CCP4 
su ite: programs for protein crystallography. Acta Crysallogr. D 
50, 760-763. 
66. Ten Eyck, L.F. (1973). Crystallographic fast Fourier transforms. 
Acta Crystallogr. A 29, 183-191 . 
67. Knight, S.D. (2000). ASPS version 4.0: a semi-interactive vector-
search program for solving heavy-atom derivatives. Acta Crys-
tallogr. D 52, 42-47. 
68. Otwinowski, Z. (1991 ). Maximum likelihood refinement of heavy 
atom parameters. In Proceedings of the CCP4 Study Weekend, 
25-26 January 1991 , W, Wolf, P.R . Evans, and A.G.W Leslie, 
eds. (Daresbury, UK: Daresbury Laboratory) pp. 80-86. 
69. Cowtan, K. (1994). Joint CCP4 and ESF-EACBM Newsletter on 
Protein Crystallography 31 , 34-38. 
70. Lamzin, V.S. , and Wilson, K.S. (1993). Automated refi nement of 
protein models. Acta Crystallogr. D 49 , 129-149. 
71 . Jones, T.A. , Zou, J .Y., Cowan, S.W., and Kleldgaard, M. (1991 ). 
Improved methods for build ing protein models in electron den-
Structure 
546 
sity maps and the location of errors in these models. Acta Crys-
tallogr. A 47, 110-119. 
72. Brunger, A.T., Adams, P.O., Clore, G.M., Delano, W.L. , Gros, 
P., Grosse-Kunstleve, R.W., Jiang, J.-S. , Kuszewski, J., Nilges, 
M., Pannu, N.S. , et al. (1998). Crystallography and NMR system 
(CNS): a new software system for macromolecular structure 
determination. Acta Crystallogr. D 54, 905-921 . 
73. Laskowski , R.A. , MacArthur, M.W., Moss, D.S., and Thornton, 
J.M. (1993). PROCH ECK: a program to check the stereochemi-
cal quality of protein structures. J. Appl. Crystallogr. 26, 
283-291 . 
74. Hooft, R.W.W., Vriend, G., Sander, C., and Abola, E.E. (1996). 
Errors in protein structures. Nature 381 , 272. 
75. Shindyalov, I.N. , and Bourne, P.E. (1998). Protein structure align-
ment by incremental combinatorial extension (CE) of the optimal 
path. Protein Eng. 11 , 739-747. 
76. Kraul is, P.J. (1991). MOLSCRIPT: a program to produce both 
detailed and schematic plots of protein structures. J. Appl. Crys-
tallogr. 24, 946-950. 
77. Kabsch, W. (1976). A solution for the best rotation to relate two 
sets of vectors. Acta Crystallogr. A 32, 922-923. 
78. Carson, M. (1991 ). RIBBONS 2.0. J. Appl. Crystallogr. 24, 
958-961. 
79. Bhat, T.N. (1988). Calculation of an OMIT map. J. Appl. Crys-
tallogr. 21 , 279-281 . 
80. Nicholls, A., Sharp, K. , and Honig, B. (1991 ). Protein folding and 
associations: insights from the interfacial and thermodynamic 
properties of the hydrocarbons. Proteins 11, 281-296. 
Accession Numbers 
The coordinates of the structures of the E186 proofread ing domain 
at pH values of 8.5 and 5.8 have been deposited with the Research 
Collaboratory for Structural Bioinformatics under PDB accession 
codes 1 J53 and 1 J54, respectively. 
5266 Biochemistry 2002, 41, 5266- 5275 
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ABSTRACT: The core of DNA polymerase III, the replicative polymerase in Escherichia coli, consists of 
three subunits (a., E, and 0). The E subunit is the 3' -5' proofreading exonuclease that associates with the 
polymerase (a.) through its C-terminal region and 0 through a 185-residue N-terminal domain (d86). A 
spectrophotometric assay for measurement of E activity is described. Proteins E and d86 and the d86·0 
complex catalyzed the hydrolysis of the 5'-p-nitrophenyl ester of 1MP (pNP-1MP) with similar values of 
kcat and KM, confirming that the N-terminal domain of E bears the exonuclease active site, and showing 
that association with 0 has little direct effect on the chemistry occurring at the active site of E. On the 
other hand, formation of the complex with 0 stabilized d86 by rv l4 °C against thermal inactivation. For 
d86, kcat = 293 min- 1 and KM = 1.08 mM at pH 8.00 and 25 °C, with a Mn2+ concentration of 1 mM. 
Hydrolysis of pNP-1MP by d86 depended absolutely on divalent metal ions, and was inhibited by the 
product TMP. Dependencies on Mn2+ and Mg2+ concentrations were examined, giving a KMn of 0.31 
mM and a kcat of 334 min- 1 for Mn2+ and a KMg of 6.9 mM and a k cat of 19.9 min- 1 for Mg2+. Inhibition 
by 1MP was formally competitive [Ki= 4.3 µM (with aMn2+ concentration of 1 mM)]. The pH dependence 
of pNP-1MP hydrolysis by El 86, in the pH range of 6.5-9.0, was found to be simple. KM was essentially 
invariant between pH 6.5 and 8.5, while kcat depended on titration of a single group with a pKa of 7 .7, 
approaching limiting values of 50 min- 1 at pH <6.5 and 400 min- 1 at pH >9.0. These data are used in 
conjunction with crystal structures of the complex of d 86 with 1MP and two Mn(II) ions bound at the 
active site to develop insights into the mechanisms of pNP-TMP hydrolysis by E at high and low pH 
values. 
Since its discovery nearly 25 years ago, the Escherichia 
coli DNA polymerase III (pol 111)1 holoenzyme has been 
studied extensively as a model replication machine (1-3) . 
The 10 different protein subunits of the holoenzyme function 
in cooperation with other replication proteins to carry out 
the duplication of the entire E. coli chromosome with aston-
ishing efficiency, processivity, and fidelity . The core of pol 
III contains three subunits. The 130 kDa a subunit includes 
the polymerase active site. The E subunit (28 kDa), encoded 
by the dnaQ gene (4-11 ), is the 3'-5' proofreading exo-
nuclease, while the 9 kDa 0 subunit (12 ) has no known dis-
crete function. The separation of the polymerase and exo-
nuclease activities of pol III between different subunits is in 
contrast to many DNA polymerases where both activities 
are present on a single polypeptide chain (13-15). 
The E subunit is itself composed of two distinct domains 
(16-18). The N-terminal domain (codons 2-186 of dnaQ, 
t This work was supported in part by an Australian Postgraduate 
Research Award (to P.R.T.) and an Australian Research Council 
Australian Postdoctoral Fellowship (to S.E.B.). 
* To whom correspondence should be addressed. Telephone: + 61-
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1 Abbreviations: DTT, dithiothreitol; E 186, N-tem1inal domain of 
the E subunit of E. coli DNA polymerase III; pNP-TMP, 5'-p-
nitrophenyl ester of thymidine 5' -monophosphate; pol I, E. coli DNA 
polymerase I; pol III, E. coli DNA polymerase III; ssDNA, single-
stranded DNA. 
El 86) contains the exonuclease active site and the binding 
site for 0, while the small C-terminal domain (within codons 
187-243) contains the a binding site (16, 17). Since E 
interacts with both a and 0, it is likely to play an important 
structural role within the pol III core (12 , 16, 17). Intersubunit 
interactions also influence enzymatic activities; for example, 
interaction of a and E was reported to stimulate the exo-
nuclease activity of E on DNA substrates between 10- and 
80-fold and the polymerase activity of a 2-fold (19), while 
0 stimulated the activity of E on DNA substrates ~2-4-
fold (12, 17) . Moreover, assembly of a highly processive 
pol III holoenzyme requires the presence of E. in its core 
(14, 20). 
Amino acid alignments of 3'-5' exonuclease domains or 
subunits of prokaryotic and eukaryotic DNA polymerases 
with the corresponding domain in the X-ray crystal structure 
of the large (Klenow) proteolytic fragment of DNA poly-
merase I (pol I) (21) have identified several conserved motifs 
(Exo I, Exo II, and Exo III) (22, 23) . In E and some other 
proofreading exonucleases, the Exo III motif is substituted 
with an alternative motif called Exo IIIE, which contains at 
least three amino acids essential for the exonuclease activity 
(I 8, 24, 25). The analysis of dnaQ mutants has confirmed 
the importance of the three core motifs in the catalytic 
activity of E (26-28), and it has been shown that the isolated 
N-terminal domain is active as an exonuclease (17, 18). 
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Mechanism of a Proofreading Exonuclease 
Scheme 1: Hydrolysis of Thymidine 5'-Monophosphate 
p-Nitrophenyl Ester (pNP-TMP) to TMP and p-Nitrophenol, 
Promoted by the E Subunit of DNA Polymerase III 
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Although the structure of the full-length E subunit is still 
unknown, a model for the structure of El86 has recently been 
derived from a combination of NMR spectroscopy and 
molecular modeling (29), and its X-ray structure has been 
determined at 1.7 A resolution (25). 
The exonuclease activity of E and other proofreading 
exonucleases has usually been monitored using radiolabeled 
ssDNA or primer-template substrates that have mismatched 
termini (11, 17, 19, 30-32). As an alternative approach to 
understanding fine details of the mechanism of action of E, 
we investigated the use of a noncanonical nucleoside 
5' -phosphodiester substrate, the p-nitrophenyl ester of thy-
midine 5'-monophosphate (pNP-TMP; Scheme 1). Hydroly-
sis of such a small compound should not be influenced by 
the extensive interactions in and around the active site 
expected for polynucleotide substrates. Thus, comparison of 
its enzyme-catalyzed hydrolysis with that of DNA substrates 
should allow the contributions of these more extensive 
peripheral interactions to be separated from those due to the 
active site residues that actually participate in the chemistry. 
Because hydrolysis of pNP-TMP to p-nitrophenol and 
TMP can be monitored spectrophotometrically, it also 
provides a continuous, convenient, and reproducible assay 
for measuring the rates of nucleotide phosphodiester hy-
drolysis by E. We used this assay to confirm previous results, 
in particular, that the N-terminal domain of Eis responsible 
for the exonuclease activity. It was further shown that 
although the thermal stability of El86 is increased very 
substantially by formation of its complex with 0, the complex 
is just a little less active in pNP-TMP hydrolysis than E186 
alone. Hydrolysis rates were also dependent on the presence 
of metal ion cofactors such as Mn2+ and Mg2+, and were 
inhibited by TMP, a nucleotide product of the exonuclease 
reaction. We also examined the pH dependence of Michae-
lis-Menten parameters for the E186-catalyzed hydrolysis of 
pNP-TMP. These data, in conjunction with the recently 
determined crystal structures of the active site in complex 
with two Mn(II) ions and TMP at low and high pH (25), 
give interesting insights into the mechanism of substrate 
hydrolysis by E. 
EXPERIMENTAL PROCEDURES 
Protein Expression and Purification. Details of the con-
struction of plasmids that direct expression of E and El 86, 
as well as methods adapted from published procedures for 
the isolation of purified samples of E (11, 3 2), El 86 (18), 0 
(33) , and the €186·0 complex (17), and their physical 
characterization by SDS-PAGE and ESI-MS, are given in 
the Supporting Information. As judged by these analyses, 
El86 and the E186·0 complex were obtained in a highly 
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purified form, while the sample of E was contaminated to 
the extent of ~ 20% by other proteins. Concentrations of 
freshly dialyzed purified samples of E, El86, 0, and the E186· 
0 complex were determined spectrophotometrically at 280 
nm, using E280 values of 12 090, 6400, 8250, and 14 650 M- 1 
cm- 1, respectively (34). Samples for assays were diluted 
when necessary in 20 mM Tris·HCl (pH 7.6), 2 mM DTT, 
0.5 mM EDTA, and 10% (w/v) glycerol (buffer C) contain-
ing 0.1 M NaCl. 
Reagents. The sodium salts of pNP-TMP and TMP were 
used as received from Sigma. Stock solutions were prepared 
in 50 mM Tris·HCl (pH 8.00) and 150 mM NaCl and stored 
frozen in small aliquots at -20 °C. Their concentrations were 
determined spectrophotometrically, using an E270 of 16 250 
M- 1 cm- 1 for pNP-TMP (35) and an E267 of 9600 M- 1 cm-1 
for TMP. Reverse phase HPLC using an analytical C18 
column was used to show that stocks of pNP-TMP were not 
contaminated by TMP (<0.1 %). Columns were developed 
at 1 mL/min using a linear gradient from 10 to 70% methanol 
in 50 mM sodium acetate buffer (pH 5) over the course of 
20 min. TMP, pNP-TMP, and p-nitrophenol eluted in that 
order, and were well separated. 
Spectrophotometric Activity Assays. The activities of 
samples of E, E 186, and the E 186· 0 complex were detennined 
spectrophotometrically by monitoring the production of 
p-nitrophenolate anion produced by hydrolysis of pNP-TMP 
at 420 nm (Scheme 1), using a Cary model 1 spectropho-
tometer with the cuvette chamber thermostated at 25 °C. For 
routine assays, a stock solution of pNP-TMP was diluted 
with assay buffer [50 mM Tris·HCl (pH 8.00), 150 mM 
NaCl, and 1 mM DTT, to 970-980 µL] to a final concentra-
tion of 3.0 mM in a 1 mL quartz cuvette. Following 
equilibration at 25 °C, solutions of MnCh (10 µL) and 
enzyme (10-20 µL) were added to give final concentrations 
of 1 mM and 100-400 nM, respectively. The solution was 
quickly and thoroughly mixed with a bent glass rod, and 
changes in A420 were followed over several minutes. Routine 
assays were generally carried out in duplicate, and initial 
rates (vo) were estimated as tangents to curves of A420 versus 
time at zero time, using the Cary-WinUV software (version 
2.00). Rates of pNP-TMP hydrolysis were calculated using 
a value of 12 950 M-1 cm- 1 for the E420 of p-nitrophenol at 
pH 8.00. 
The dependence of vo on enzyme concentration ([E]o) was 
determined for concentrations of El 86 in the range of 0-700 
nM, under routine assay conditions. Estimates of Michaelis-
Menten parameters were obtained from data measured at 
pNP-TMP concentrations ([S]o) in the range of 0.2-5.2 mM 
where [Mn2+] = 1 mM and [S]o = 1.5-12 mM where 
[Mg2+] = 12 mM. Values of KM and k cat were generally 
calculated by linear least-squares analysis of Hanes - Woolf 
plots ([S]o/vo vs [S]0). The effect of divalent metal ions on 
the rate of reaction was studied with [Mg2+] = 0.5-12 mM 
and [S]o = 12 mM, or [Mn2+] = 0.05-1.2 mM and [S]o = 
3.0 mM. Product inhibition by TMP was studied by varying 
[S]o (0.4-4.2 mM) at each [TMP]o (0-8 µM), with [Mn2+] 
= 1 mM. In this case, values of Ki for TMP inhibition and 
KM and kca t for substrate hydrolysis were obtained from a 
global nonlinear least-squares fit of data to equations describ-
ing competitive inhibition, using the program Dynafit (36) . 
Thermal stabilities of E186 and the El86·0 complex were 
measured as follows. Enzyme samples (32 and 13 µM, 
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respectively) in assay buffer containing 100 µM MnCh were 
treated at various temperatures between 35.0 and 59.5 °C 
for exactly 10 min, and then cooled in ice. Samples (10 µL) 
were taken, and residual activities were determined by assay 
under the routine assay conditions. 
pH Dependence ofpNP-TMP Hydrolysis by €186. Values 
of kcac and KM at each pH value were determined essentially 
as described above from assays carried out at appropriate 
concentrations of El86, at 25 °C in 50 mM buffer solutions 
[Na·MES (pH 6.52) or Tris·HCl (pH 7.01 -8.95)] containing 
150 mM NaCl, 1 mM DTT, and 1 mM MnS04, except that 
3 mM MgS04 was used at pH 6.52. For assays at each pH 
value, a stock solution of pNP-TMP (227 mM, in 150 mM 
NaCl) was first diluted 5-fold in the particular assay buffer, 
and then suitable volumes of this solution were used to give 
a [S]o in the range of 0.4-4.2 mM. The absence of buffer 
catalysis was established in preliminary assays at two or more 
different buffer concentrations. Concentrations of p-nitro-
phenol were determined using an E420 of 14 365 M- 1 cm- 1 
for p-nitrophenolate anion and the measured pKa of 7.04 for 
p-nitrophenol under these conditions. 
RESULTS 
Hydrolysis of pNP-TMP by E, €186, and the €186·0 
Complex. Initial spectrophotometric experiments established 
that E and E 186 could both promote release of p-nitrophenol 
from the substrate pNP-TMP, and stoichiometric quantities 
of the products TMP and p-nitrophenol were separated and 
identified by HPLC, as described in Experimental Proce-
dures. This suggests the mechanism of cleavage (Scheme 
1) mimics the natural reaction promoted by E, where the TMP 
moiety is a 3'-mismatched terminal nucleotide, and the 
leaving group p-nitrophenolate substitutes for the remainder 
of the polynucleotide chain (31). The rate of change of A42o 
was used to determine the initial velocity of the hydrolysis 
reaction (v0) . In general, the rates decreased significantly with 
time (not shown). Most likely, this reflects inhibition of the 
enzymes by the strongly binding product inhibitor TMP (see 
below). Initial rates estimated simply from tangents to the 
curves at time zero were reproducible to within ±5%. 
In preliminary studies using full-length E as the enzyme 
(37), we first showed that the initial rate of E-catalyzed pNP-
TMP hydrolysis (at a particular substrate concentration) 
reached a maximum at pH ~8. Although initial rates at pH 
8 were unaffected by the buffer that was used (HEPES and 
Tris gave identical rates), they were stimulated ~2-fold 
(relative to buffer alone at pH 8.0) by 0.5 M sodium chloride, 
and pNP-TMP hydrolysis by E was shown to be absolutely 
dependent on the presence of a divalent metal ion, Mn2+ 
being preferred over Mg2+. After further measurements of 
the dependence of rates on [pNP-TMP]o and [Mn2+], 
conditions for routine assays (given in Experimental Proce-
dures) were defined. Because full-length E had been purified 
following its refolding from solutions in 3 M guanidinium 
chloride and has limited solubility (29), we chose to carry 
out most of the studies reported here on the isolated 
N-terminal domain, El86. In contrast to E, this domain is 
isolated in good yield from the soluble fraction following 
lysis of cells, by conventional chromatographic techniques 
(18) . 
The initial rate of pNP-TMP hydrolysis was proportional 
to [El86]0 (Figure IA) and also [E]o (not shown), over a 20-
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FIGURE 1: Hydrolysis of pNP-TMP by E, El86, and the El86·0 
complex, at pH 8.00 and 25 °C. (A) The rate of hydrolysis of 
pNP-TMP as a function of d86 concentration. The concentration 
of pNP-TMP was 3.0 mM, and the concentration of MnCh was 1 
mM. (B) Hanes-Woolf plots, normalized for values of [EJ0, for 
the hydrolysis of pNP-TMP by E, El86, and the El86·0 complex, 
showing the effect of pNP-TMP concentration on the rate of 
hydrolysis (1 mM MnCh). The experimental data points are shown, 
and the lines were calculated using values for KM and kcal determined 
by linear least-squares analysis, as follows: E, KM = 0.95 mM and 
kcal= 148 min- I (.6.); El86, KM= 1.08 mM and kcal= 293 min-I (• ); and El86·0, KM= 1.51 mM and kcal= 215 min- 1 (0). 
fold range of concentrations. Diluted samples of El86 were 
found to be stable on storage in buffer C containing 100 
mM NaCl for >12 h when kept at O °C. 
Initial rates of pNP-TMP hydrolysis promoted by E, El86, 
and the El86·0 complex were determined under standard 
assay conditions [with 1 mM Mn2+ (pH 8.0)] at severalpNP-
TMP concentrations. The linearity of Hanes-Woolf plots 
(Figure 1B) confirmed that pNP-TMP hydrolysis followed 
Michaelis-Menten kinetics for all three enzymes. The kinetic 
parameters for the hydrolysis of pNP-TMP were as follows: 
KM = 1.08 ± 0.05 mM and kcat = 293 ± 4 min- I for El86 
and KM = 0.95 ± 0.05 mM and kcat = 148 ± 3 min- 1 for E 
(Figure 1B). Thus, while values of KM for the two enzymes 
were essentially identical, kcar for El 86 was approximately 
twice that for full-length E. While this difference is partly 
due to the presence of impurities in our preparation of E, a 
similar difference (2.4-fold) between the two enzymes in their 
efficiency of hydrolysis of a ssDNA substrate has been noted 
previously (17). Nevertheless, it is clear that the N-terminal 
domain of Eis responsible for the hydrolysis of pNP-TMP, 
as bas also been observed directly for its 3' -5' exonuclease 
activity using a radiolabeled mismatched primer-template 
(18) and a partial duplex and ssDNA (17) as substrates. 
The kinetic parameters for the El86·0 complex (KM= 1.51 
± 0.09 mM, kcac = 215 ± 6 min-I; Figure 1B) were also 
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FlGURE 2: Thermostability of E186 and the E186·0 complex. pNP-
TMP hydrolase activity (percentage of that of untreated samples) 
remaining after treatment of El86 (• , 32 µM) and E186.0 (.6. , 13 
µM) in 50 mM Tris·HCl (pH 8.0) , 150 mM NaCl, 1 mM OTT, 
and 100 µM MnCh for 10 min at various temperatures. 
similar to those for E186, indicating that complexation with 
0 does not greatly affect the activity of E186 in this assay. 
Nevertheless, the ~25 % reduction in kcac for E186 on 
formation of the complex is probably significant, because it 
was reproduced with two independent preparations of the 
complex. When quantities of E, €186, and the €186·0 
complex corresponding to identical amounts of pNP-TMP 
hydrolase activity were electrophoresed through an SDS-
polyacrylarnide gel and stained with Coomassie Blue (see 
the Supporting Information), the minor differences in staining 
intensity among the E and E 186 bands also indicated that 
the observed difference in kcat probably reflects a real 
difference in the activities of the protein preparations. 
Although formation of the complex with 0 did not greatly 
affect the activity of E186, it did markedly increase its thermal 
stability (Figure 2). The temperature at which 50% of the 
activity of the enzyme was irreversibly lost in 10 min was 
raised by some 14 °C from 43 to 57 °C by its interaction 
with 0. 
Hydrolysis of pNP-TMP by Ei86 Requires Divalent Metal 
Ions. In proofreading assays using [dAhoo·[(dT)16-([3H]dC)6] 
(37) and other substrates (32), it was found that E had an 
absolute requirement for a divalent metal ion (usually Mg2+) 
for phosphodiesterase activity. We found that withpNP-TMP 
as the substrate, rates were higher with Mn2+ than with Mg2+ 
at the same concentrations. Accordingly, the rate of hydroly-
sis of pNP-TMP by El 86 was measured as a function of both 
[Mg2+] and [Mn2+], and Hanes-Woolf plots were used to 
obtain estimates of kcat and Michaelis constants for the metal 
ions. For Mn2+ ([S]o = 3.0 mM), KMn = 0.31 ± 0.03 mM 
and kcat = 334 ± 9 min- I (Figure 3A). Under similar 
conditions, Mg2+ could substitute, albeit poorly: when [S]o 
= 3.0 mM, KMg = 9.4 ± 1.3 mM and kcat = 11.1 ± 0.9 
min- I; when [S]o = 12.0 mM, KM" = 6.9 ± 0.5 mM and 
0 
kcat = 19.9 ± 0.7 min- I (Figure 3B). A study of the 
dependence of v0 on [S]0 with [Mg2+] = 12.0 mM gave a 
KM of 4.1 ± 0.4 mM for pNP-TMP and a kcac of 18.9 ± 0.6 
min- I (not shown) . 
Noting that KM for pNP-TMP and KMe for the metal ions 
were each determined under conditions where concentrations 
of the other component were subsaturating, the values of 
kcat underestimate the true maximum turnover number kcai'. 
We have not attempted at this stage to carry out a complete 
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FlouRE 3: Dependence of E186-promoted pNP-TMP hydrolysis on 
concentrations of MnCh (A) and MgCh (B), normalized by values 
of [E]0. The solid lines were calculated from values of kcat and KMe 
derived by linear least-squares fitting of data in the form of Hanes-
Woolf plots. (A) For Mn2+, [S]o = 3.0 mM, KMn = 0.3 mM, and 
kcat = 334 min- 1• (B) For Mg2+, [S]o = 12.0 mM, KM o = 6.9 mM, 
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and kcat - 19.9 mm . 
study of the dependence of KMn and KMg on [S]0, or of KM 
for pNP-TMP on metal ion concentrations. Given that the 
active site of E in the crystal structure (25) contains two 
divalent metal ions that both participate in substrate binding 
as well as its hydrolysis (see the Discussion), it would be 
surprising if metal ion and substrate binding did not occur 
cooperatively. Nevertheless, estimates of maximum values 
of kcac' can be made on the assumption of the independence 
of binding of pNP-TMP and the metal ions. For Mn2+, these 
calculations give a kcar' of 384 ± 14 min- 1 (from kcat for 
pNP-TMP at 1 mM Mn2+ and the value of KMn at [S]o = 
3.0 mM) and a kcac' of 454 ± 17 min- 1 (from kcat for Mn2+ 
at [S]0 = 3.0 mM and KM for pNP-TMP at 1 mM Mn2+). 
Similar calculations for Mg2+ give a kcac' of 30 ± 2 min-1 
(from kcat for pNP-TMP at 12 mM Mg2+ and the value of 
KMg at [S]o = 12 mM) and a kcar' of 27 ± 2 min- 1 (from kcat 
for Mn2+ at [S]o = 12 mM and KM for pNP-TMP at 12 mM 
Mn2+). 
Thus, kcar' for Mg2+-promoted pNP-TMP hydrolysis by 
€186 is at least 12-fold lower than that for the Mn2+-catalyzed 
reaction, while Mn2+ binds 20-30-fold more avidly than 
Mg2+ in the Michaelis complex with pNP-TMP. On the other 
hand, KM for the substrate itself was only ~ 4-fold lower with 
Mn2+ than with Mg2+. 
Hydrolysis of pNP-TMP by Ei86 Is Inhibited by TMP. It 
was known that the proofreading activity of E, as measured 
with poly(dA)·[(dT)1s-([3H]dC)2.6-2.s],, (I 1) or (dT)Io (32) as 
a substrate, is inhibited by nucleoside 5'-monophosphates, 
products of the reaction it catalyzes. A study of the effect of 
TMP on pNP-TMP hydrolysis by El 86 in the presence of 1 
mM Mn2+ showed that TMP also inhibits this reaction. The 
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FIGURE 4: Competitive inhibition of E186-promoted pNP-TMP 
hydrolysis by TMP. (A) Lineweaver-Burk plots showing TMP 
inhibition of the hydrolysis of pNP-TMP by E186 (1 mM Mn2+). 
Experimental points are shown: [TMP]o = 0 (0), 2.66 (• ), 5.33 
(.6.), and 7.99 µM (e ). (B) Dependence of least-squares slopes of 
Lineweaver-Burk plots on [TMP]0. The lines were calculated using 
a kca1 of 295 min- 1, a KM of 1.20 mM, and a Ki of 4.3 µM, obtained 
using a competitive inhibition model in the program Dynafit (36). 
data could be fit well to equations describing competitive 
inhibition with a kcac of 295 ± 6 min- 1, a KM of 1.20 ± 0.07 
rnM, and a Ki of 4.3 ± 0.3 µM (Figure 4). The value of Ki 
for TMP is thus almost 300-fold lower than the KM for pNP-
TMP under these conditions. It is also"-' 120-fold lower than 
that determined previously with E using a DNA substrate in 
the presence of MgCh at 5 rnM (32). While this is 
undoubtedly in part due to more avid binding of the 
nucleotide inhibitor to Mn2+ than to Mg2+ at the active site 
of El86, as is seen in the effect on KM for pNP-TMP 
hydrolysis with Mn2+ (1 mM) versus Mg2+ ( 4 mM), it is 
also very likely that TMP is genuinely less effective in 
competing with DNA substrates that bind through more 
extensive interactions in and around the active site. 
pH Dependence of Hydrolysis of pNP-TMP by El86. 
Michaelis-Menten parameters describing hydrolysis of pNP-
TMP by E186 were determined from Hanes-Woolf plots of 
data measured in buffers at several pH values between 6.52 
and 8.95 . It was not possible to extend data to higher pHs 
because of precipitation of Mn ions. At all pH values, buffers 
contained MnSO4 at concentrations that were shown to be 
near-saturating. A lack of a strong dependence of KMn on 
pH is expected from the structure of the active site (25), 
where all of the ligands that directly coordinate the metal 
ions are carboxylates, which should be deprotonated over 
the pH range examined here. Measured values of KM for 
pNP-TMP were also essentially independent of pH over this 
range, though the upward trend at pH > 8.5 (Figure 5B) may 
indicate a contribution to substrate binding by the protonated 
form of a strongly basic (e.g., arginine) residue. 
Measured values of kcac showed a strikingly simple 
dependence on pH, reflecting the titration of a single group 
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FLGURE 5: pH dependence of kcai (A) and KM (B) for E186-promoted 
hydrolysis of pNP-TMP at 25 °C, where [Mn2+] = 1.0 mM (except 
at pH 6.52, where [Mn2+] = 3.0 mM). The kinetic parameters at 
each pH value were determined by linear least-squares fits of initial 
rates plotted as Hanes-Woolf plots. Buffers that were used were 
50 mM Na·MES (pH 6.52) and 50 mM Tris·HCl (pH 7.01-8.95) 
containing 150 mM NaCl and 1 mM DTT. Standard errors in the 
estimates of KM were less than ±12% and those for kca1 less than 
±5%. The solid line in panel A was calculated according to the 
mechanism in Scheme 2, with a k1 of 50 min- 1, a k2 of 400 min- 1, 
and a pKEsH of 7.7. 
Scheme 2: Kinetic Mechanism for Hydrolysis of pNP-TMP 
by E186 
Kmr k1 
EH ~ ESH _____,. E + P 
with an apparent pKa of "-'7.7, active in its deprotonated form. 
The solid line in Figure 5A represents the theoretical pH 
dependence according to the kinetic mechanism of Scheme 
2 where k1 = 50 min- 1, k2 = 400 min- 1, and pKEsH = 7.75. 
An interesting aspect of this pH dependence is that activity 
is not reduced to zero at pH <6.5. This suggests that 
deprotonation of the group that titrates with a pKa of "-'7.7 
is not strictly necessary for activity, but contributes only an 
"-'8-fold increase in kcat• An alternate possibility is that the 
mechanism of pNP-TMP hydrolysis is fundamentally dif-
ferent at low and high pH values. These aspects are 
considered below in a detailed discussion of the mechanism. 
DISCUSSION 
The principal outcomes of this work are development of 
a convenient continuous spectrophotometric assay for mea-
surement of the activity of the E proofreading exonuclease 
and use of this assay to develop insights into bow the enzyme 
works . The assay system, which may be more widely useful 
in studies of enzymes in this class, relies on release of 
p-nitropbenolate anion during E- and El86-catalyzed hy-
drolysis of the p-nitropbenyl ester of thymidine 5'-mono-
phospbate (pNP-TMP) at pH 8.0 (Scheme 1). 
Having an assay that measures hydrolase activity with a 
small nucleoside 5'-phosphodiester substrate at the active site 
of E allows us to compare its hydrolysis with literature data 
on DNA (single-stranded or mismatched primer-template) 
substrates, and to use the results of recent structural studies 
(25, 29) to develop mechanistic proposals to explain similari-
Mechanism of a Proofreading Exonuclease 
ties and differences. Here, we first verified that under the 
standard assay conditions, full-length E and d86 have 
comparable activities (kcat and KM) in hydrolysis of pNP-
TMP. This confirms that the C-terminal domain of E (residues 
186-245) that interacts with a (16, 17) has little direct 
influence on the chemistry that occurs at the active site of E, 
and securely locates all residues directly involved in pNP-
TMP hydrolase activity within the N-terminal d86 domain. 
The isolated d86·0 complex also catalyzed the hydrolysis 
of pNP-TMP with kinetic parameters kcat and KM similar to 
those of E 186 itself; kcar under the conditions that were used 
was reproducibly ~ 25% lower than for €186. The role of 0 
in the pol III core is still uncertain. It is not required for the 
polymerase or exonuclease activities of the core or holoen-
zyme (14, 19), and its gene could be inactivated without an 
apparent effect on viability or growth of E. coli (38). 
Association with 0 was shown previously to stimulate E 2-4-
fold in removal of terminal nucleotides from primer-
template or ssDNA substrates (12 , 17). These results suggest 
that this is probably not due to an effect on the structure of 
the active site of E, but rather to participation of 0 in a minor 
way in facilitating interaction of E with the DNA substrate. 
The pol III core (a·e0 complex) is isolable intact and 
appears to be quite stable to dissociation (19). We expected 
the e0 and d86·0 complexes also to have low dissociation 
constants. It came as no surprise, therefore, that its interaction 
with 0 stabilizes d86 against thermal inactivation to a 
remarkable degree (Figure 2). This is also consistent with 
other observations. At high concentrations in phosphate 
buffer (pH 6.5), we observed that d86 precipitated within 
minutes at 35 °C, which made it difficult to record high-
resolution NMR spectra under optimal conditions (18). 
Although the 0 subunit by itself is somewhat more stable 
under such conditions, much of its structure is quite flexible 
(33) . In contrast, the d86·0 complex is stable for at least 1 
week at 30 °C, and preliminary NMR data indicate that the 
flexibility of 0 in the complex is much reduced (33). 
The activities of polymerase-associated proofreading 3' -
5' exonucleases have generally been measured using radio-
labeled mismatched primer-template, partial duplex, or 
ssDNA substrates . These assays are cumbersome and some-
what irreproducible depending on the substrate that is used 
and batch-to-batch variations. Availability of a straightfor-
ward continuous spectrophotometric assay overcomes many 
of these difficulties . pNP-TMP has been used previously as 
a substrate for other phosphodiesterases (39), and there has 
been one report of its hydrolysis by a proofreading exonu-
clease. In 1964, Lehman and Richardson (40) demonstrated 
its hydrolysis by E. coli exonuclease II (exo II, the 3' -5' 
exonuclease of pol I), where KM = 6 mM and kcar = 3.9 
min- I, with 7 mM Mg2+ at 37 °C and pH 9.2 (where it was 
maximally active). By comparison, our results with d86 (KM 
= 4 mM and kcar = 19 min- 1, with 12 mM Mg2+ at 25 °C 
and pH 8.0) indicate that it is probably no more than 10-
fold more active in Mg(II)-dependent pNP-TMP hydrolysis 
than is exo II (pol I), when the activity of each is measured 
at its optimum pH. 
For both E and pol I, there are substantial differences 
between the kinetic parameters for hydrolysis of pNP-TMP 
and those for oligonucleotide substrates . For example, kcat 
values for E acting on ssDNA at pH 7.5 (5 mM MgCh) have 
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been estimated to be 12 000 min- 1 (32), while the large 
proteolytic (Klenow) fragment of pol I bas a kcat value on 
ssDNA under similar conditions of ~50-70 min-I (30). For 
pol I, Lehman and Richardson (40) reported ~20-60-fold 
lower KM values for short oligonucleotide substrates 
[d(pT)11T, n = 1-4], where the leaving group is a (oligo)-
nucleotide 3'-0H rather than nitropbenolate; values of kcar 
were 4-40-fold higher. For polynucleotide substrates, kcat 
values were similar to those with short oligonucleotides, but 
values of Km were more than 6 orders of magnitude lower, 
which reflects enhanced binding of the longer DNA chains 
also via the polymerase active site of pol I. Nevertheless, 
with the exception of the latter observation, which requires 
comparison of pol I with the pol III core or holoenzyme 
rather than with E alone, indications are that the active sites 
and mechanisms of action of the exo II domain of pol I and 
E are similar (25), except that E exhibits considerably higher 
activity with DNA substrates. 
As for hydrolysis of DNA substrates (32, 40, 41) promoted 
by both the Klenow fragment and E, hydrolysis of pNP-TMP 
by €186 depended on the presence of a divalent metal ion. 
While €186 appears to be more active with Mn2+ than with 
Mg2+ under the conditions of the assay, further work is 
necessary to establish which of these (or other) metal ions 
is used in vivo and whether the same dependence is observed 
with DNA substrates. It is likely that the active site metal 
ions both exchange readily under the conditions of the assays, 
and we have also not yet determined, for example, by 
spectroscopic, kinetic, or crystallographic studies, whether 
either or both metal ions bind to E 186 in the absence of 
substrates or dNMP inhibitors. 
The structure of the Klenow fragment has been determined 
at high resolution (21), and extensive crystallographic, 
mutagenesis, and kinetic studies have led to the proposal of 
a mechanism for its 3'-5' exonuclease reaction (29, 41 , 42). 
In the presence of substrate, its active site contains two 
divalent metal ions, where one (MeA) is more extensively 
coordinated to protein ligands than the other (Mes). Both 
metal ions are presumably Mg2+ in most of the kinetic 
studies, but crystal structures have zn2+, Mn2+ , or Mg2+ at 
the MeA site. In the mechanism, one phosphate oxygen atom 
of the substrate bridges MeA and Mes, which polarizes it 
for in-line nucleophilic attack by hydroxide ion coordinated 
to Me A. The 3' -oxygen of the ester coordinates to Mes in 
the trigonal bipyramidal transition state, assisting the nucle-
otide 3'-0H in leaving. In the model, deprotonation of the 
MeA-bound water (or hydroxide) is · influenced by the 
presence, within H-bonding distance, of the OH group of 
Tyr497. 
This general mechanism of substrate hydrolysis at a 
binuclear metal center, where a hydroxide ion coordinated 
to one metal ion is the nucleopbile that attacks a substrate 
activated by the other, was proposed more than 20 years ago 
for the nickel metalloenzyme urease (43) , partly on the basis 
of model studies of hydrolysis of phosphate and carboxylate 
esters and amides coordinated to substitution-inert metal ions 
such as Co(III) ( 44). Variations of this mechanism have since 
been found to apply to a large class of binuclear metallo-
hydrolases ( 45) . 
As revealed by the crystal structure of the El 86· Mn(ll)2· 
TMP complex, the architecture of its active site is closely 
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FIGURE 6: Proposal for the mechanism of hydrolysis of pNP-TMP 
by E at high pH (>7) . The structure of the enzyme-substrate 
complex (A) was modeled on the experimental structure (25) of 
the El86·Mn(II)2·TMP complex at pH 8.5 (PDB entry 1J53), while 
that of the enzyme-product complex (C) is based on a slightly 
different view of the structure (25) determined at pH 5.8 (PDB 
entry 1J54). A proposal for the structure of the phosphorane 
transition state (or intermediate) is shown in panel B. 
related to that of pol I and other enzymes in this class (25), 
suggesting that the enzymes function by a similar mechanism. 
Catalysis by E also involves the two metal ions in a binuclear 
center, and a histidine residue (His162) occupies the position 
of the active site Tyr497 in pol I. The binuclear Mn(II) center 
is coordinated to protein carboxylate ligands in the exo I, 
exo II, and exo IIIE motifs and to the 5' -phosphate of TMP. 
Shown in Figure 6 is a proposal for the mechanism of 
hydrolysis of pNP-TMP by E that is consistent with the 
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crystal structure of the E186·Mn(II)2:TMP complex at pH 
8.5 (25) as well as data reported in this paper. 
The higher activity of E in hydrolysis of DNA substrates 
compared with that of pNP-TMP is not due to it being a 
highly processive enzyme. When it is not associated with a 
in the context of the boloenzyme (20), E hydrolyzes only 
one (or a few) nucleotide(s) per binding event (17, 32). 
Moreover, since p-nitropbenol is a stronger acid than the 
3' -OH group at the end of a polynucleotide chain by a factor 
of ~ 107, it should be a very much better leaving group. 
Therefore, the natural DNA substrates must be substantially 
activated by a mechanism unavailable to pNP-TMP, and this 
would be true regardless of whether P-O bond breakage is 
the rate-determining .step in the reaction. 
One source of activation of natural DNA substrates is 
apparent in the mechanism in Figure 6, where the p-
nitropbenolate leaving group of pNP-TMP is shown coor-
dinated to Mn8 , in the orientation required for its concerted 
elimination via a SN2 reaction at the 5' -phosphate. The active 
site of E is presumably designed to accommodate the 
deoxyribose moiety of the penultimate nucleotide in this 
position, and there is no obvious contact that would encour-
age p-nitrophenol to occupy this site. Moreover, in parallel 
with its low proton affinity due to electron withdrawal by 
the p-N02 group, the oxygen atom of the ester would be 
expected to be a very feebly coordinating ligand. Thus, it is 
very likely that the p-nitrophenolate leaving group spends 
only a small fraction of time in the orientation required for 
pNP-TMP hydrolysis by a concerted SN2 reaction. The 
situation with natural polynucleotide substrates is very 
different. The leaving group is a long DNA strand which, 
by analogy with pol I (42, 46, 47), must interact extensively 
with other residues to position the leaving group precisely 
in an orientation that favors P-O bond breakage, and this 
orientational effect is likely to be one of the most important 
contributors to catalytic efficiency (25). 
The observation that the Ki for competitive inhibition of 
E186-promoted pNP-TMP hydrolysis by the product TMP 
is ~250-fold lower than the KM for the substrate is also 
explained by direct coordination of the substrate (and 
product) to an active site metal ion as shown in Figure 6. At 
pH 8, TMP is a dianion while the substrate is a monoanion, 
so the latter would be expected to bind much less avidly to 
the binuclear metal center. This difference in Ki for product 
compared with KM for substrate is also reflected in the pKa 
of His162, which is 7.7 in the E186·pNP-TMP complex (see 
below) and ~6.5 in the complex with TMP under the 
conditions of the crystallographic studies (25). 
The most obvious difference between the active sites of 
pol I and El 86 is that Tyr497 in the exo III motif of pol I is 
replaced with His162 in the exo IIIE motif of E, where it is 
ideally positioned to act as a general base to deprotonate a 
water molecule coordinated to MnA, While this alone may 
account for the higher pNP-TMP bydrolase activity of E in 
comparison with that of pol I, it is unlikely to do so in the 
case of DNA substrates because the comparably (or more) 
active exonuclease domains of the T4 (48, 49) and T7 (50, 
51) DNA polymerases both have tyrosines at equivalent 
positions (23 , 52, 53). On the other band, a His162 to Tyr 
mutant of E has been isolated from a screen for mutator 
mutations in dnaQ (54), which suggests that tyrosine and 
histidine are not interchangeable at this position in E. 
Mechanism of a Proofreading Exonuclease 
Support for the proposition that His 162, in its deprotonated 
form, is involved in E-catalyzed pNP-TMP hydrolysis comes 
from examination of the pH dependence of kcat and KM 
(Figure 5). These profiles are both apparently very simple, 
in accord with the kinetic mechanism in Scheme 2. We are 
now able to interpret these data in terms of the structure of 
the active site to develop further insights into the mechanism 
by which E promotes the hydrolysis of pNP-TMP (Figure 
6). The crystal structures at low and high pH (25) differ in 
the way TMP is bound at the active site so that the high-pH 
structure appears to mimic the Michaelis complex (Figure 
6A) while the low-pH structure mimics the first-formed 
product (Figure 6C). 
Values of KM were found to be essentially independent of 
pH in the range of 6.5-8.5. Since Krn1 ~ Krn2 (Scheme 2), 
it follows that pKEH ~ pKEsH, so binding of the substrate 
has very little influence on the pKa of the titratable group at 
the active site. This is in accord with the mechanism, since 
the negative charge on the 5'-phosphate of the substrate is 
effectively neutralized by its coordination to the binuclear 
metal center. At pH >8.5, there is a suggestion of an increase 
in KM (Figure 5B), which very likely reflects the effect of 
deprotonation of the side chain of Arg159 on substrate 
binding. The guanidinium group of Arg159 forms a water-
mediated hydrogen bond with the phosphoryl oxygen ofTMP 
in the crystal structure. It is proposed in Figure 6 to do 
likewise in the complex withpNP-TMP. The role of Arg159 
in hydrolysis of DNA substrates, as opposed to pNP-TMP, 
is likely to be more profound, because model building 
strongly suggests it would interact directly with the phosphate 
group of the penultimate nucleotide, thereby making a larger 
contribution to substrate binding when the substrate is a 
polynucleotide (25). 
The pH-kcat profile for Mn(II)-promoted pNP-TMP hy-
drolysis by El 86 (Figure 5A) exhibited an apparently simple 
dependence on a group with a pKa of 7.7, which we propose 
to be His162 or, more precisely, the MnA·OH2·His162 array 
(see below). A most surprising aspect is that d86 retains 
substantial activity toward pNP-TMP at low pH values where 
this group is fully protonated (see Figure 5A and Scheme 2; 
k1 ~ 50 min- 1 vs k2 = 400 min- 1). As discussed below, this 
probably indicates a fundamental difference between the 
mechanisms used by E for pNP-TMP hydrolysis at high and 
low pH values. 
At high pH values, the dependence of kcat on pH is 
qualitatively similar to that for hydrolysis of oligonucleotide 
substrates by the 3' -5' exonuclease of pol I, where kcat 
reflects the ionization of a group with a pKa of ~ 9.8, active 
in its deprotonated form (30). There has been some debate 
about whether this pKa should be assigned to Tyr497 or the 
nucleophilic MgA-coordinated water and whether Tyr497 
serves as a general base or simply to orient the nucleophile 
(30, 41 , 55) . Since the pKa values of tyrosine and Mg(II)· 
OH2 in isolation are similar and near 9 .8, the distinction 
between the two possibilities reflects only the position of a 
proton between the two groups in the deprotonated active 
site and is not meaningful or significant (Scheme 3A). Rather, 
the kinetically determined pKa is that of the protonated form 
of the hydrogen-bonded MgA·OH2·Tyr497 array, regardless 
of the position from which the proton is actually removed. 
The same is to a lesser extent true for the protonated MnA ·
OH2·His162 moiety in d86, where its kinetically determined 
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Scheme 3 
pKa of 7. 7 is between that expected for an isolated protonated 
imidazole (~7) and .Mn(II)-coordinated water (~9 or ~ 10) 
(56). The effect of the hydrogen bond between the two 
groups (Scheme 3B) can be looked upon as either raising 
the pKa of the imidazole of His 162 or lowering that of the 
coordinated water. Certainly, during pNP-TMP hydrolysis, 
it would be expected that complete transfer of the proton to 
His162 would create the MnA-coordinated hydroxide nu-
cleophile that attacks the 5'-phosphate of the substrate from 
the back side (57), resulting in inversion about phosphorus 
through a trigonal bipyramidal (:five-coordinate phosphorane) 
transition state (Figure 6B), ultimately to produce a TMP 
complex that is very similar to that seen in the low-pH crystal 
structure (Figure 6C). The possibility that the phosphorane 
may be an intermediate rather than a transition state, with a 
lifetime sufficiently long to allow it to deprotonate and/or 
undergo structural changes, should not be discounted. A 
similar species has been detected as a short-lived intermediate 
during hydrolysis of Co(IIl)-coordinated p-nitrophenyl phos-
phate following intramolecular attack of a cis-coordinated 
hydroxide nucleophile (58). If such an intermediate were to 
rearrange before the leaving group were expelled, the 
requirement in an SN2 reaction for concerted in-line nucleo-
philic attack from the back side of the phosphate and 
displacement of the leaving group from the front (57) could 
be relaxed. 
It is pertinent to consider the role of Glu14 (and the 
corresponding residue Glu357 in pol I), one of whose 
carboxylate oxygens is a ligand to MnA while the other forms 
a second hydrogen bond to the nucleophilic water molecule. 
Mutational analysis of pol I suggested that the role of Glu357 
in MeA binding is less important than some other (unidenti-
fied) aspect of its function (30) . Since it thus appears that 
Glu357 in pol I does not lose too much electron density to 
the metal center, both it and Glu14 in E are therefore 
estimated to have pKa values of ~ 3-4. Now, the phospho-
rane transition state derived from the 5'-phosphate of pNP-
TMP is likely to have a somewhat lower pKa than TMP itself 
(i .e., 6.5) because of extensive charge neutralization by its 
coordination to the binuclear Mn(II) center. Its pKa is thus 
well-matched to that of Glu14, which is therefore likely to 
accept a further proton from the transition state (or inter-
mediate), driving its collapse in the direction that would lead 
to elimination of the leaving group. Because Glu14 is such 
a weak base, the driving force provided thus to the reaction 
when the leaving group is p-nitrophenolate is likely to be 
modest. With a poorer leaving group like a deoxyribose 3'-
OH, this second proton transfer is likely to be much more 
significant. 
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Now consider the need to protonate the leaving group. 
Because the pKa of p-nitrophenol is 7, there is no advantage 
in providing a proton source to facilitate its leaving at high 
pH. With a DNA substrate, however, a general acid would 
clearly be required to protonate the leaving polynucleotide 
3'-0H. The only appropriately placed active site acid is one 
of the Mns-coordinated water molecules H-bonded to 
Aspl03 (Figure 6) . Although their pK3 values will not be 
lowered much as a result of their interaction with Asp103, 
they will still have very much lower proton affinities than 
the deprotonated deoxyribose 3' -OH. 
We now tum briefly to the mechanism of E-promoted 
hydrolysis of pNP-TMP at (low) pH values where the MnA· 
OH2·Hisl62 array is fully protonated. The mechanism is 
unlikely to be similar to that at high pH (Figure 6); because 
of its coordination to MnA, the remaining base, Glul4, is 
too weak to deprotonate the MnA-coordinated water and, in 
the absence of a base to deprotonate it, the coordinated water 
would be a far too weak nucleophile to account for the high 
residual activity of E. 
To explain pNP-TMP hydrolase activity at low pH, we 
therefore need to invoke fundamentally different mechanisms 
that may be more closely related to those used by some acid 
phosphatases (59). For example, the leaving group could now 
occupy the position of the phosphoryl oxygen in Figure 6, 
and a Mn8-coordinated hydroxide ion could act as a 
nucleophile. Although this plausibly explains the low-pH 
activity of E on a small synthetic substrate like pNP-TMP, 
it is unlikely to be feasible with natural DNA substrates 
because of the more extensive contacts polynucleotide chains 
must make with residues around the active site. For example, 
model building based on the structures of oligonucleotide 
complexes with the proofreading active site of pol I suggests 
that the 5'-phosphate of the penultimate dNMP of DNA 
substrates has an ionic interaction with the side chain of 
Argl59 in E (25). This would preclude binding of the 
phosphate group of the terminal dNMP in the orientation 
required for such a mechanism to operate with DNA 
substrates at low pH. At the moment, there is no detailed 
information available about the pH dependence of DNA 
hydrolysis by E. 
In conclusion, we note that the mechanism proposed in 
Figure 6 and the likelihood of a different mechanism 
operating with pNP-TMP as the substrate at low pH give 
rise to many further hypotheses that may be tested using 
site-directed mutagenesis, structure determination, and mecha-
nistic enzymology. For example, whether pH-dependent 
differences occur in the structures of complexes of El86 with 
pNP-TMP or other synthetic nucleoside 5' -phosphoester 
substrates and whether they might also occur with oligo-
nucleotide substrates are questions that obviously require 
further investigation. 
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SUPPORTING INFORMATION FOR THE WORLD WIDE WEB EDITION 
OVEREXPRESSION AND PURIFICATION OF PROTEINS 
Here we report construction of new plasmids for overproduction of the £ proofreading 
subunit of E. coli DNA polymerase III, and of an N-terminal domain (£186) that had previously 
been shown to bear the exonuclease active site (1-3). Strategies for purification of both proteins 
are described. We confirm the production of a stable, isolable c01nplex of the N-terminal domain 
of£ with the 0 subunit of pol III core, and show how the complex may be isolated on a 
preparative scale. 
Enriched Sources of the E Subunit of DNA Polymerase 111 and its Exonuclease Domain. The 
first reported overproduction of the £ subunit used tightly-controlled heat-inducible transcription 
from a plasmid-borne bacteriophage A PL promoter in a defective A cI857 lysogenic host ( 4). For 
construction of their plasmid pNS36O, Schueurmann and Echols ( 4) treated a dnaQ+ DNA 
fragment with exonuclease BAL31 to remove DNA to a point 6 bp before the ATG start codon 
(as revealed by our sequence analysis; Figure SIA). After attachment of a 6-bp EcoRI linker, they 
inserted the resulting dnaQ+ fragment at the EcoRI site of vector pNS3 to yield pNS36O. To 
generate a more versatile overexpression system useful in a wider range of bacterial hosts, we first 
inserted the same fragment (from pNS36O) into the EcoRI site downstream of the strong RBS in 
A-promoter vector pND2O1 (5) to generate pPL223, which has 17 bp of DNA between the 
vector RBS and dnaQ start codon (Figure SIA). Subsequent shortening of this distance to 11 bp 
gave a plasmid (pPL224) that directed overproduction of£ to higher levels (Figure S2). 
However, strains containing pPL224 grew poorly, most likely because of constitutive 
overexpression of the asp V tRNA gene that occurs immediately downstream of dnaQ ( 6). In one 
step, we constructed phagemid pND7O2 (Figure S lB), resulting in (i) removal of asp V and 
concomitant improvement in the growth rate of AN1459/pND7O2 cf. AN1459/pPL224, (ii) 
insertion of a new BglII site 17 bp downstream of the end of dnaQ, and (iii) transfer of the gene 
to a phagemid vector for preparation of a ssDNA template for oligonucleotide-directed 
mutagenesis. 
1 
A 
1 
BamHI 
II 
RBS 1 ~pal I Eco RI d~ 
pp L223: ... GGATCCTAAGGAGGTTAACGGGAATTCCCGCTATG ... 
BamHI RBS (1Hpal/EcoRI) dnaQ 
PL224. I d I I ~ p . ...GGATCCTAAGGAGGTTAATTCCCGCTATG ... 
L___________ _ ______________ J 
Haell 
pPL223 (5031 bp) 
pPL224 (5025 bp) 
Haell 
B 
Haell 
C 
pND702 (4927 bp) 
pJY764 (4927 bp) 
pJY765 (4927 bp) 
pSH1017 (5412 bp) 
pSH1018 (5412 bp) 
Haell 
Haell 
f1 ori 
FIGURE S1: Plasmids that direct overproduction of£ and £186. Methods: Bacteria were 
grown at 30 °C (for A-promoter vectors) or 37 °C (for T7-promoter vectors, unless specified) in 
LB broth or plates supplemented with thymine (25 µg/mL), and ampicillin (50 µg/mL) and/or 
chloramphenicol (50 µg/mL), as required. Methods for DNA manipulation were essentially as 
described (7, 8), using enzymes from Roche Molecular Biochemicals. Fragments isolated 
following separation by agarose gel electrophoresis were used for ligations with T4 DNA ligase. 
Where necessary, sequences of DNA fragments inserted into vectors and of dnaQ mutant genes 
were confirmed using sequencing primers described earlier (5). Escherichia coli strain AN1459 (7) 
was used routinely as host for plasmids. Plasmid pNS360 ( 4), supplied by Dr. Harrison Echols, 
was used as source of dnaQ. (A) The 1018-bp dnagt DNA fragment isolated following digestion 
of pNS360 with Eco RI was inserted at the Eco RI site downstream of the ribosome-binding site 
(RBS) in A-promoter vector pND201 (5) in the appropriate orientation, to generate pPL223. A 6-
bp fragment between the vector RBS and ATG start codon of dnaQ in pPL223 was removed as 
follows. The plasmid was linearized by partial digestion with EcoRI, then ends were filled with 
2 
the large fragment of DNA polymerase I. The plasmid was then digested with HpaI and 
recircularized with ligase to give pPL224; sequences are given at the top. (B) Phagemid pND702 
was constructed by ligation of three DNA fragments: the 1018-bp BglII-HaeII fragment of 
pPL224, the 3899-bp BglII-SmaI fragment ofpMA200U (5), and an equimolar mixture of 
complementary 5'-unphosphorylated oligonucleotides 5'-GGGAGATCTGCGC and 5'-
AGATCTCCC (new BglII site underlined). This resulted also in removal of the aspVtRNA gene. 
Strain AN2666 (7) was used as host for preparation of pND702 ssDNA following infection with 
phage M13KO7 (9). Two mutations were then separately introduced into dnaQ using the 
procedure of Taylor et al. (10) as developed for the Amersham Sculptor II kit. The 
oligonucleotide primer 5'-CTTCCATCGCTTAAGCCATCGACGTTTG directed insertion of a 
stop codon ( complement italicized) after codon 186 of dnaQ and introduction of a new BfrI site 
(underlined), to yield plasmid pJY764. The other primer, 5'-GGCTTCCGGATCTACCAGCCG-
A TC ( change underlined), introduced a silent change at the Val5 8 codon that removed a BamHI 
site to facilitate further manipulation of the full-length dnaQ gene, yielding plasmid pJY765. (C) 
Plasmids pJY764 and pJY765 were linearized by digestion with EcoRI, and then cleaved with 
BamHI (partially, in the case ofpJY764). The 785-bp BamHI-EcoRI fragments were isolated and 
inserted between the same sites in the bacteriophage T7-promoter vector pETMCSII (11) to give 
pSH1018 (encoding £186) and pSHl0l 7 (encoding£). For expression of the proteins, these two 
plasmids were separately transformed into strain BL21 (D E3 )/pL ysS ( 12). 
Previous work, both by us (2, 3) and others (1), had demonstrated that the 3'- 5' 
exonuclease domain of£ is comprised approximately of the N-terminal 186 residues. 
Oligonucleotide-directed mutagenesis was therefore used to insert a T AA stop codon into the 
dnaQ gene in pND702 immediately after the codon for Ala186 to produce plasmid pJY764, 
which directed high-level overproduction of the domain, named £186 (1). Use of A-promoter 
vectors for heat-inducible protein expression necessarily involves treatment of cell cultures for 
extended periods at 37-42 °C. We observed that although both£ and £186 accumulated to high 
levels in cells containg pND702 and pJY764, respectively (Figure S2), the proteins were insoluble 
(not shown), presumably trapped in inclusion bodies (13). This has been observed previously by 
others, who developed methods for resolubilization of the proteins by their denaturation and 
subsequent refolding (1, 4). 
During NMR studies with £186, we observed that the protein precipitated from 
concentrated solutions at temperatures above 30 °C (2). To assess whether expression at lower 
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FIGURE S2: Overproduction of£ and £186. Cultures (20 mL) of strain AN1459 containing 
plasmids pPL223, pPL224, pND702 and pJY764 (as indicated) were grown at 30 °C to A595 = 
0.5-0.6, then incubated at 42 °C. Cells were harvested from portions removed before (lanes 
marked '30') and 2 h after (lane 1narked '42') the temperature shift. Similarly, cultures (20 mL) of 
strain BL21(DE3)/pLysS containing pSHIOI 7 and pSH1018 were grown at 37 °C to A 595 = 
0.5- 0.6 (lanes marked'-'), then treated for 2 h with I mM IPTG (lanes marked '+ '). Harvested 
cells were resuspended to A595 = IO in an SDS gel loading buffer and heated for 2 min at 95 °C, 
before proteins in samples (20 µL each) were resolved by SDS-PAGE on a 15% polyacrylamide 
gel, as described (14); proteins were visualized with Coomassie brilliant blue. The mobilities of 
molecular weight markers (sizes in kDa) were as indicated. 
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temperatures would allow isolation of the proteins in soluble form directly from cell extracts, 
genes encoding£ and £186 were transferred into vectors that permitted IPTG-induced expression 
under control of a bacteriophage T7 promoter (12) . Indeed, the T7-promoter plasmid pSHl 0 18 
did direct overproduction of completely-soluble £186 to high levels at 30 °C (compare lanes 
marked C and I in Figure S3A). However, this was not true for expression of full-length£, which 
still remained insoluble when expressed from plasmid pSHl0l 7 at temperatures as low as 28 °C 
(not shown). 
Purification and Characterization of El 86 and E. Both £186 and£ were purified in yields of 
about 35 and 14 mg/L of culture, respectively (Table S 1 and Figure S3). The soluble £186 was 
purified conventionally by precipitation with (NH4)iSO4 and two steps of anion-exchange 
chromatography (Table Sl). In the first step, the enzyme in buffer with 70 mM NaCl passed 
unretarded through a DEAE-Fractogel column, resulting in removal of nucleic acids and many 
proteins. In the second step, with a sample at lower ionic strength, the protein bound to a Mono-
Q column and eluted, highly purified, in a salt gradient. The constant relationship of the intensity 
of the £186 band to activity during purification (Figure S3A) indicated that the protein was stable 
during the isolation procedure, and that only £186 among abundant proteins in the cell-free extract 
of IPTG-treated BL2l(DE3)/pLysS/pSH1018 was capable of hydrolysingpNP-TMP. 
As observed in previous studies ( 4, 15), solubilization of full-length£ required denaturation 
in 3 M guanidinium chloride and subsequent refolding during dialysis, resulting in substantial 
losses ( ~80%) through precipitation. Some contaminating proteins and nucleic acids were 
removed by passing resolubilized £ through an anion exchange column, and it was then 
concentrated by ammonium sulfate precipitation. The isolated protein was about 80% pure as 
assessed by SDS-PAGE (Figure S3B, lane 1), and was prone to aggregation and precipitation. 
The molecular weights of£ and £186 were determined by ESI-MS using a VG Quattro II 
mass spectrometer with samples that had been dialysed extensively into 0.1 % formic acid. The 
measured molecular weights of 26966 ± 2 for£ and 20584 ± 1 for £186 compared well to the 
calculated values of 26968 and 20585, respectively. In both cases, the N-terminal methionine had 
been removed, as had been shown previously by protein sequencing of£ and proteolytic 
fragments of£ close in size to £186 (1 , 2). 
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Table S1: Purification of £186. 
Fractiona 
I. Cell-free extract 
II. Ammonium sulfate 
III. DEAE-Fractogel 
IV. Mono-Q 
Proteinb 
(mg) 
885 
497 
188 
140 
Activityc 
(Units) 
3040 
2090 
1910 
1530 
Specific activity 
(Units/mg) 
3.4 
4.2 
10.3 
10.9 
astrain BL21(DE3)/pLysS/pSH1018 was grown at 37 °C untilA595 = 0.5-0.6, when protein 
production was induced with IPTG (1 mM). Cultures were shaken for a further 3.5 h, then chilled 
in ice. Cells ( 11 g, from 4 L of culture) were harvested by centrifugation ( 11000 x g, 10 min), 
frozen in liquid nitrogen and stored at-70 °C. After thawing, they were resuspended at 0 °C in 
£186 lysis buffer (50 mM Tris·HCl pH 7.6, 10% w/v sucrose, 0.1 M NaCl, 1 mM DTT, 1 mM 
EDTA, 10 mM spermidine·3HC1; 150 mL), and lysed using a French press operating at 12000 
psi. Following centrifugation (39000 x g, 30 min), proteins were precipitated from the 
supernatant (Fraction I, 150 mL) with ammonium sulphate (0.33 g/mL of Fraction I) at 4 °C. 
Pellets obtained after centrifugation (39000 x g, 30 min) were resuspended in 100 mL of buffer A 
(25 mM Tris·HCl pH 7.6, 2 mM DTT, 0.1 mM EDTA, 5 mM MgCl2, 10% w/v glycerol) 
containing 75 mM NaCl, and dialysed vs three changes of 2 L of this buffer. The dialysate 
(Fraction II, 109 mL) was clarified by centrifugation before being loaded onto a column (2.5 x 16 
cm) ofDEAE-Fractogel that had been equilibrated in buffer A+75 mM NaCl. The £186 protein 
did not bind to the resin and was eluted during further washing with buffer A+75 mM NaCl. 
Fractions containing £186 were pooled and dialysed overnight vs two changes of 2 L of buffer A. 
After clarification by centrifugation as before, the supernatant (Fraction III, 93 mL) was divided 
into 10-mL portions, which were separately loaded onto a Mono-Q HRl0/10 column (Pharmacia) 
that had been equilibrated with buffer A. Proteins were eluted with a linear gradient ( 60 mL) of 
0-0.2 M NaCl in buffer A at a flow rate of 1.5 mL/min; fractions containing £186 eluted at ~90 
mM NaCl and were pooled, dialysed into 25 mM Tris·HCl pH 7.6, 2 mM DTT, 1 mM EDTA, 
0.15 M NaCl, 10% w/v glycerol (buffer B), and stored at - 70 °C (Fraction IV, 37.5 mL). A FPLC 
system (Pharmacia) was used for all chromatographic separations of proteins at 4 °C. hProtein 
concentrations were measured by the method of Bradford ( 16), with bovine serum albumin as 
standard. The Bradford assay overestimated concentrations of £186 by 5% in comparison with 
estimates based on A2so. cEnzyme activity was measured by following the hydrolysis of the 5'-4-
nitrophenyl ester of TMP, under the standard assay conditions described in Experimental 
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Procedures. One Unit of activity is the amount of enzyme that promotes hydrolysis of 1 µmole 
of pNP-TMP per minute at pH 8.00 and 25 °C. 
A B 
Fraction: C II Ill IV 1 2 3 4 
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-£186 
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FIGURE S3: Purification of£, £186 and the £186·0 complex. (A) SDS-PAGE (15%) analysis of 
samples of fractions in successive steps of purification of £186 (see Table S1). Lanes are marked 
with Fraction numbers I-IV. The lane marked C contains an amount of lysed whole cells 
equivalent to that in the sample of cell-free extract (Fraction I). Equal amounts of pNP-TMP 
hydrolase activity (0.10 Unit) were loaded in each lane. (B) SDS-PAGE (15%) analysis of 
purified proteins. Equal amounts of£ (lane 1), £186 (lane 2), and £186·0 (lane 3; see Figure S4) in 
terms of pNP-TMP hydrolase activity (0.10 Unit) were loaded in each lane. Lane 4 contained 6.0 
µg of 0, equivalent to the amount calculated to be needed to reconstitute 0.10 Unit of£186·0 
activity, on the assumption that the complex contains equimolar amounts of the two proteins. 
The mobilities of molecular weight markers (sizes in kDa) were as indicated. Methods: Partial 
purification of E. The procedure was modified from that described ( 4, 15). E. coli BL21 (DE3) 
/pLysS/pSHlOl 7 was grown and protein production was induced with IPTG similarly to the 
strain carrying pSH1018 (Table Sl), except that cell growth was at 37 °C. Cells (2.1 g, from 1 L 
of culture) were resuspended in 40 mL of£ lysis buffer (20 mM Tris·HCl pH 7.4, 10% w/v 
sucrose, 150 mM NaCl, 5 mM DTT), and lysed as described in Table S1. The pellet obtained 
after centrifugation (39000 x g, 30 min) contained the insoluble£. It was washed, solubilized with 
3 M guanidine·HCl, and refolded during dilution and dialysis as described ( 4), to yield Fraction I 
(175 mL). At each stage, substantial precipitates containing misfolded £ formed and were removed 
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by centrifugation. Fraction I, finally in 25 mM Tris·HCl pH 7.4, 20% w/v glycerol, 50 mM NaCl, 
1 mM EDTA, 5 mM DTT, was applied at 0.8 mL/min to a column (2.5 x 20 cm) of DEAE-
Sephacel (Pharmacia) that had been equilibrated with the same buffer. Partially-purified£ (which 
passed unretarded through the column) was collected, concentrated by precipitation with 
ammonium sulfate (0.38 g/mL), redissolved and dialysed vs buffer B, to yield Fraction II (35 mL). 
Fraction II contained 14 mg of protein with a specific activity of 4.4 Units/mg, and was about 
80% pure£, as estimated by SDS-PAGE. Purification of 0. Strain BL21(DE3)recA was as 
described (17). Cultures of E. coli BL21(DE3)recA/pCM869 (18) were grown at 37 °C until A 595 
= 0.5- 0.7, whereupon expression of 0 was induced by addition ofIPTG (lmM). After 3 h , cells 
(10.8 g from 5 L of culture) were harvested by centrifugation. After being resuspended in ice-cold 
0 lysis buffer (50 mM Tris·HCl, pH 7.6, 10% w/v sucrose, 0.2 M NaCl, 20 mM 
spermidine·3HC1, 2 mM DTT; 125 mL), cells were lysed as described for£, above. Cell debris 
was removed by centrifugation (39000 x g, 30 min), and the lysate was dialysed against 4 L of 
buffer E (10 mM sodium phosphate pH 6.5, 0.5 mM EDTA, 2 mM DTT, 10% w/v glycerol). 
The solution was clarified by centrifugation and applied at 1 mL/min to a column (2.5 x 16 cm) of 
phosphocellulose (Whatman Pl 1). Fractions containing 0, which eluted between 0.25 and 0.32 M 
NaCl in a gradient of 0-0.5 M NaCl (300 mL) in Buffer E, were pooled and dialysed vs two 
changes of2 L of buffer C (20 mM Tris·HCl pH 7.6, 2 mM DTT, 0.5 mM EDTA, 10% w/v 
glycerol) containing 0.1 M NaCl (37 mL, 55 mg). 
Isolation of the El 86· 0 Complex. The £186·0 complex was prepared simply by mixing 
purified £186 with a slight excess of 0 under conditions similar to those described by Perrino et al. 
(]) . Essentially all of the £186 was incorporated into the complex, which could be separated on a 
preparative scale from excess 0 and traces of impurities in the £186 preparation by anion-
exchange chromatography on a Mono-Q column (Figure S4). Visual comparison of the intensities 
of stained protein bands from the complex and a calculated equimolar amount of 0 in an SDS-
polyacrylamide gel was consistent with a 1: 1 molar ratio of subunits (Figure S3B, lanes 3 and 4). 
Such a stoichiometric relationship between amounts of full-length£ and 0 in the £·0 complex has 
been established by Studwell-Vaughan and O'Donnell (19). 
In earlier experiments using samples of 0 and [U- 15N, 13CJ-0 that had been purified as 
described previously (17) and stored for several weeks at 4 °C, we observed two additional well-
resolved peaks that eluted between the £186·0 complex and £186 . These were shown by SDS-
PAGE and ESI-MS to contain complexes of intact £186 with proteolytic fragments of 0, where 
the mol. wts of the 0 fragments were 8473.7 ± 0.5 (first eluted peak with unlabelled 0) and 8154.7 
8 
± 0.1 (second peak with double-labeled 0). The first corresponded to a fragment of 8 missing the 
first three (MLK) residues (calcd mass: 8473.8 Da), while the second corresponded to loss from 
this fragment of a further six residues (YEPKLK) from the C-terminus ( calcd mass, for 100% 
labeling: 8153.7 Da). This indicates that these residues near both termini of 8, which are flexible in 
its structure ( 18), do not participate significantly in its interaction with £. 
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FIGURE S4: Preparation of the £186·8 complex. A mixture of purified £186 (13.2 mg) with 0 
(5.9 mg; molar ratio 3:2) was treated in a total volume of 6.6 mL of buffer C+0.1 M NaCl at15 °C 
for 30 min, then diluted to 50 mL with buffer Cat 4 °C. The £186-8 complex was isolated by 
chromatography of the mixture on a Mono-Q HR.10/10 column equilibrated with buffer Cat a flow 
rate of 1.5 mL/min. Excess 8 flowed unretarded through the column. The £186-8 complex was 
eluted in a linear gradient (60 mL) of 0---0.2 M NaCl. (A) Elution profile, showing A230 (arbitrary 
units) and [NaCl] in the eluate. Fractions (1 mL each) were collected. £186 eluted at the indicated 
position under these conditions. (B) Proteins in samples (10 µL) of fractions (as indicated) from 
the column were resolved by 15% SDS-PAGE. Only the portion of the gel that showed visible 
protein bands is shown. 
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